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Multiferroics, which exhibit simultaneously coupled two or more ferroic 
(ferroelectric, ferromagnetic, and ferroelastic) orders, have attracted enormous 
research interest in the last decade. The celebrated renaissance of multiferroics 
probably began with the study of a paradigmatic member — BiFeO3 (BFO). A vast 
number of previous investigations into BFO have revealed its versatile crystal 
structures and a broad palette of physical properties. The coexistence of intriguing 
structural, ferroelectric, magnetic and optical properties, and the cross-coupling 
between them, endow BFO a unique potential for multifunctional devices.  
In this thesis, several approaches including strain engineering, B-site substitution, 
and in combination with other functional semiconductors, have been studied to tune 
and manipulate the crystal structures and physical properties of BFO. 
First, we find that Ga-substitution is an effective way to stabilize the 
super-tetragonal structure and thus achieve giant polarization in the BFO-based 
ferroelectric epitaxial thin films. BiFe0.6Ga0.4O3 (BFGO) epitaxial thin films exhibit a 
stable super-tetragonal-like structure with twinning domains irrespective of film 
thickness and substrate induced strain. Moreover, a giant polarization (~150 μC/cm2) 
of BFGO is revealed by both computational and experimental methods. 
Second, our first-principles calculations suggest that the tensile strain in (001) 
BFO thin films will induce a shear deformation. The shear deformation stabilizes the 
Cc/Ima2 phases and significantly modifies certain structural and physical properties. 
Third, the phase-strain diagram for (110) BFO films is studied by first-principles 
vii 
 
calculations. It is demonstrated that the uniaxial strained monoclinic phase Pm is the 
most stable one in the strain range from -2.5% to -6%. The ferroelectric polarization is 
also probed by the Berry phase method. All the computational results agree well with 
our experimental observations. 
Fourth, Sc-substitution of BFO is useful to enhance the photovoltaic effect and 
induce switchable conduction behavior. The BiFe0.6Sc0.4O3 (BFSO) film in negatively 
poled state exhibits superior photovoltaic performance compared to BFO, where the 
efficiency is improved by 5 times with an enhanced switchable Voc up to 0.6 V. The 
origin of the enhancement is attributed to the improved bulk conductivity of BFSO 
and a constructive contribution from the interfacial photovoltaic effect. In addition, 
switchable conduction behavior is realized with the tunable BFSO/LNO Schottky 
barrier modulated by the ferroelectric polarization.  
Last, ZnO is integrated with BFO for dramatically improved photovoltaic 
performance. The ITO/ZnO/BFO/Pt multilayer thin film exhibits a large short-circuit 
photocurrent density of ~340 μA/cm2 and a significant energy conversion efficiency 
of 0.33% under blue monochromic illumination. The photocurrent enhancement in 
ITO/ZnO/BFO/Pt is attributed to the copious e-h pairs generated in the ZnO layer. 
The two built-in fields of Ebi-S and Ebi-j established at the two interfaces are the main 
driving forces for the separation and transport of photo-excited e-h pairs. 
These results of our study contribute to fundamental understanding of BFO and 
suggest effective ways to manipulate its crystal structures and physical properties, 
which may benefit the design of high-performance BFO-based thin film devices.  
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Chapter 1 INTRODUCTION 
Multiferroic materials with the coexistence of at least two ferroic (ferroelectric, 
ferromagnetic, and ferroelastic) orders have been at the forefront of materials research 
over the last decade because of their scientific interest and potential technological 
applications in the novel multifunctional devices. The best-studied multiferroic 
material is probably BiFeO3 (BFO), which has both ferroelectric and 
antiferromagnetic orders at room temperature. Although intensive research effort has 
been devoted to BFO, the crystal structures and physical properties of BFO-based 
systems are not fully understood, owing to the rich crystallographic phases and the 
complicated coupling between different physical orders. Thus, it is of great interest to 
conduct further studies on the crystal structures and physical properties in the 
BFO-based systems, and to explore ways to manipulate them.  
In this chapter, Section 1.1 and 1.2 provide brief introductions to multiferroics 
and BFO, respectively. Then, Section 1.3 presents our research objectives. 
1.1  Multiferroics 
The last decade has witnessed a tremendous flurry of research interest in the field 
of multiferroics [1-4], which simultaneously possess two or more ferroic orders of 
ferroelectricity, ferromagnetism and ferroelasticity (Fig. 1.1(a)). Here, ferroelectricity 
(ferromagnetism or ferroelasticity) is a property of certain materials that possess a 
spontaneous polarization (magnetization or deformation) which can be reversibly 




be further extended if antiferroic orders are included.  
Multiferroics promise a wide range of applications in technological devices, such 
as in memories, sensors, transducers and spintronics [1,5]. One of the most appealing 
aspects of multiferroics is the magnetoelectric coupling (Fig. 1.1(b)), which allows the 
magnetization to be switched by an electric field and vice versa. This unique 
magnetoelectric coupling could in principle lead to a new generation of memory 
devices that can be written electrically and read magnetically [6].  
 
Fig. 1.1 (a) Definition of multiferroic. (b) Coupling between different ferroic orders. 
Adapted from [4]. 
Besides the immense potential for applications, rich fundamental science 
underlying multiferroics is also a selling point of this class of materials. Single-phase 
multiferroics are rare in nature because the origins for ferromagnetism and 
ferroelectricity are mutually exclusive. For example, the conventional mechanism for 
ferroelectricity in perovskite oxides is the d0 electron configuration in transition metal 
ions. Ferromagnetism, on the contrary, requires that the d orbitals in transition metal 
ions are partially filled [7]. This incompatibility can be circumvented by alternative 




ferroelectricity, multiferroics can be categorized into two major groups [8]:  
i) proper multiferroics, where the ferroelectricity is driven by hybridization and 
covalency or other purely structural effects; and 
ii) improper multiferroics, where the ferroelectricity is driven by certain electronic 
mechanism, e.g., ‘correlation’ effects. 
Proper multiferroics can be further classified as: 
1) Ferroelectricity arising from the stereochemically active lone-pair electrons of the 
A-site cation, while magnetism is provided by B-site cation. From the structure 
viewpoint, 5s or 6s lone-pair is quite active, resulting in the off-center motion of 
the cation which contains such a lone-pair [9]. Accompanied by the off-center 
motion, the cross-gap hybridization increases (between occupied oxygen p state 
and unoccupied np state of the lone-pair cation), which can lower the energy of 
the cation. Because of the off-center motion, the inversion symmetry of the 
structure is broken, thus producing ferroelectricity. The representative examples 
are BFO, BiMnO3, and Pb(Fe2/3W1/3)O3, where the lone-pairs present in Bi
3+ and 
Pb2+ cations. Meanwhile, the magnetization originates from the d orbital of Fe3+ or 
Mn3+ cation. Since the ferroelectric and (anti-)ferromagnetic orders in these 
materials are associated with different ions, the coupling between them is rather 
weak.  
2) Ferroelectric distortion driven by size effects and other geometric factors. In 
contrast to the lone-pair mechanism, the ferroelectric instability in geometry does 




antiferromagetic (AFM) fluorides BaMF4 [10], where M is Mn, Fe, Co, or Ni. In 
these systems, four of the six corners of the fluorine octahedra are shared with 
adjacent octahedra, forming quasi two dimensional puckered sheets. These sheets 
of octahedra are separated by similar sheets of Ba2+ cations. This special 
connectivity leads to one unstable phonon mode that involves alternating 
octahedra rotations together with polar displacements of Ba2+ cations. This 
instability is caused purely by the size effect and geometric constraint, while no 
charge transfer between anions and cations occurs as a result of the structural 
distortion. 
In the proper multiferroics briefly discussed above, the spontaneous polarization 
is caused by the structural instability towards the polar state, which is the primary 
order parameter of the ferroelectric transition. On the other hand, if the primary order 
parameter of the phase transition is related to electronic degrees of freedom (spin, 
charge) or a complex lattice distortion (including non-polar distortion), the 
ferroelectricity is defined as “improper”. There are three main types of improper 
multiferroics: 
1) Geometric ferroelectric: In the ferroelectric structure of YMnO3, Mn3+ is not a 
six-coordinate ion as in a conventional perovskite structure any more, but is 
surrounded by O5 trigonal bi-pyramid. The structure is characterized by the 
buckling of layered MnO5 polyhedra accompanied by the large Y-O off-center 
displacement, which leads to the ferroelectricity. This mechanism is totally driven 




not play any role. However, YMnO3 is different from the proper multiferroics. 
Using group theoretical analysis and first-principles density functional 
calculations, it has been shown that the ferroelectric structure of YMnO3 results 
from an interplay between a non-polar Brillouin zone-boundary mode and a polar 
Γ-point mode, with the former being the primary effect and the latter being the 
secondary effect [11,12]. This explains why YMnO3 is an improper multiferroic. 
2) Magnetic ferroelectrics: the ferroelectricity originates from magnetic ordering, 
examples of which include TbMnO3, TbMn2O5, and HoMnO3. In HoMnO3 [13] 
which exhibits E-type antiferromagnetic ordering, the electric polarization is 
driven by symmetry-induced inequivalence of the in-plane Mn-O-Mn 
configurations for parallel and antiparallel spins. In addition to the displacement 
mechanism, a purely electronic quantum effect of orbital polarization can also 
contribute to the overall polarization. The finite ferroelectric polarization can be 
obtained even when imposing a centrosymmetric atomic arrangement, indicating 
the unambiguous existence of magnetism induced electronic polarization. Another 
example is TbMnO3 [14-16], in which a cycloidal-spin structure generates an 
electric polarization due to the spin-orbit interaction. It has also been suggested 
that magnetoelectric domains could be switched by an electric field via 180o 
coherent rotation of Mn spins. These magnetic ferroelectrics are probably the most 
promising candidate for practical application, because of the strong intrinsic 
magnetoelectric coupling. 




The crystal structure of LuFe2O4 is characterized by alternate stacking of 
triangular lattices of rare-earth elements, iron and oxygen. The polar ordering is 
caused by the electron correlations, which act on a frustrated geometry. 
Centrosymmetry is broken in the frustrated charge-ordering: in each FeO bilayer, 
there is an alternation of iron atoms, with Fe2+: Fe3+ ratios of 2:1 and 1:2, thus 
giving rise to a polarization within each bilayer [8,17,18]. For Fe3O4, the 
comparison between ferroelectric Cc structure and paraelectric P2/c structure 
shows that the polarization arises from electronic charge shift between localized 
octahedral Fe sites, leading to a noncentrosymmetric Fe2+/Fe3+ charge-ordered 
pattern [19]. 
In addition, one class of the newly developed multiferroics are metal-organic 
frameworks (MOF), in which a new mechanism driving the multiferroic behavior has 
been identified [20]. In the host lattice of MOF, there are magnetic transition ions 
providing magnetism. Meanwhile, the ferroelectricity can stem from the hydrogen 
bond ordering of guest organic molecules.  
1.2  BiFeO3 
Since its discovery in 1957 by Royen et al. [21], BiFeO3 (BFO) has been the 
subject of numerous studies because it is a model system for investigating the nature 
of interactions among structural, electrical and magnetic order parameters. BFO is the 
most intriguing multiferroic material, because it shows both antiferromagnetism (Neel 




simultaneously at room temperature. Over the last decade, advanced growth 
techniques, aided with theoretical calculations, have greatly promoted the studies of 
BFO.  
1.2.1 Crystal structures 
Michel et al. (1969) first reported that bulk BFO exhibits rhombohedral R3c 
symmetry with lattice parameters of a = 5.634 Å and α = 59.35° [22]. However, the 
situation becomes quite complicated when it comes to BFO thin films. BFO thin films 
show highly flexible crystal structures which can be modified by substrate induced 
strain, doping (or forming solid solutions), or buffer layer effect. In this section, a 
variety of crystal structures of BFO and their formation conditions are reviewed. In 
addition, several poorly-studied areas, such as the stabilization of tetragonal BFO, 
(110)-oriented BFO, and structural behavior of BFO under tensile strain, will be 
discussed in detail. 
Rhombohedral-like (R-like) monoclinic MA phases have been widely reported in 
BFO (001) thin films grown on substrates providing small compressive strains. Wang 
et al. [23] first observed the MA phase of BFO grown on SrTiO3 (001) substrate with a 
compressive strain of -1.5%. Detailed characterizations of the structures of MA-BFO 
as a function of film thickness were performed by Daumont et al. [24]. Jang et al. [25] 
demonstrated that the polarization rotation induced by strain effect leads to the phase 
transition from bulk R to MA. As compressive strain further increases till -4.5%, a 




formation of such a T-like phase was first explained as strain-induced isosymmetric 
MA-MA phase transition by first-principles calculations [27]. Further investigations 
have however suggested that the T-like phase was actually monoclinic MC instead of 
MA [28]. Béa et al. [29,30] also provided evidence for the existence of the T-like 
monoclinic phase with giant c/a ratio. Recent first-principles calculations and 
experimental works have demonstrated that the strain-induced phase transitions in 
BFO (001) compressive films follow the path R-MA-MC-T, thus showing a complete 
picture of a phase transition path with increasing compressive strain [31,32] (Fig. 1.2).  
 
Fig. 1.2 Schematic strain-phase diagram of BFO (001) epitaxial thin films  
On the basis of the theoretical calculations, a full T phase showing P4mm space 
group could be obtained at a very high level of compressive strain [33]. However, 




the formation of Bi2O3 buffer layer [34,35], despite only a small compressive strain of 
-1.5% being provided.  
It should be noted that the strain induced T phase is metastable and it will relax 
towards the bulk-like R phase once the strain is relaxed. In addition, Bi2O3 is quite 
conductive and it may also crystallize within the BFO layer, and this causes leakage 
problems. Therefore, alternative approaches of stabilizing T-BFO will be studied in 
this work. Moreover, the experimental quantification of the giant ferroelectric 
polarization of pure T phase at room temperature has not been achieved in previous 
works. In this work, we successfully characterize the giant ferroelectric polarization 
of pure T phase by using room-temperature P-E hysteresis measurements.  
Compared with the widely studied compressive strain, tensile strain in BFO (001) 
thin films is much less explored (Fig. 1.2). A small tensile strain could lead to a 
monoclinic MB phase and slightly rotate the polarization away from the [111] 
direction [25]. Dupe et al. [36] predicted that only under a tensile strain as large as 8%, 
BFO thin films could undergo the first-order phase transition from a monoclinic MB 
phase (space group Cc) to an orthorhombic Ima2 phase. However, Yang et al. [37] 
found that for tensile strain above 5%, a different Pmc21 phase is more stable than the 
Cc and Ima2 phases. In contrast to theoretical works, a recent experimental study 
(Yang et al., 2012, [38]) reported that an orthorhombic phase of BFO could be 
obtained when it was grown on the NdScO3 substrate with a small tensile strain of 
only 1.2%. As reviewed above, it can be seen that the phase diagram of (001)-BFO 




possible shear deformation of BFO lattice under large tensile strain. It is therefore 
valuable to revisit the structural behavior of (001)-BFO under tensile strain. 
    In contrast to the extensively-studied (001)-oriented BFO, BFO in (110) 
orientation has been poorly explored despite the possible existence of new structures. 
A recent first-principles study (Prosandeev et al., 2011, [ 39 ]) predicted that 
paraelectric orthorhombic Pnma and P212121 phases could be achieved when the 
compressive strain was large. However, their simulation was based on the assumption 
of in-plane biaxial constrain of BFO thin films, which may be over simplified. This 
assumption is applicable to the (001) plane but may not be applicable to the (110) 
plane, because the (001) plane is isotropic while the (110) plane is apparently 
anisotropic. It is therefore necessary to conduct a systematic study on the phase 
diagram of (110)-oriented BFO thin films both experimentally and theoretically. 
1.2.2 Ferroelectric properties 
BFO exhibits a ferroelectric Curie temperature (TC) of about 1103 K, which is 
much above the room temperature. Teague et al. [40] first measured the ferroelectric 
hysteresis loop of BFO single crystal and the spontaneous polarization was found to 
be only ~6.1μC/cm2. This polarization value was much smaller than what would be 
expected for a ferroelectric material with such high Curie temperature (TC) and large 
ionic distortion. The reason was the large leakage current caused by poor sample 
quality. Then, Wang et al. [23] synthesized the BFO epitaxial thin film and 




enhanced polarization of ~60 μC/cm2 along [001] direction. A later theoretical work 
(Neaton et al., 2005, [41]) further demonstrated the robust ferroelectric polarization of 
BFO. In a more detailed study (Ravidran et al., 2006, [ 42 ]), the origin of 
ferroelectricity of BFO was revealed to be the large ionic Bi displacement induced by 
stereochemically active 6s lone pairs. 
1.2.3 Magnetic properties 
The magnetic phase transition temperature (Neel temperature TN) of BFO is about 
643K. An early study (Kiselev et al., 1963, [43]) revealed that BFO exhibits a G-type 
antiferromagnetic (AFM) spin ordering with a small canting of neighboring spins, 
which in principle could lead to a weak magnetization. However, Sosnowska et al. 
[44,45] later reported that the AFM vector was subjected to a spiral modulation with 
an incommensurate long wavelength period of ~620 Å. The spiral spin structure 
cancelled out the net magnetization, and therefore the magnetization of bulk BFO was 
negligible. In contrast, this spiral spin structure will be broken by the thickness 
constraint in thin films, thus leading to a remnant magnetic moment. Wang et al. [23] 
reported a large magnetic moment of ~1.0 µB /cell in the 70-nm-thick BFO film. 
However, later studies showed that the intrinsic magnetization was ~0.02 µB/cell [46]. 
The previously reported large value was due to extrinsic factors, such as the large 
concentration of oxygen vacancies [47]. The intrinsic weak magnetic moment of BFO 
was further confirmed by the first-principles calculation and the origin of neighboring 




property of BFO, many ways have been tried in recent years, such as doping rare 
earth elements or forming solid solutions with ferro/ferri-magnetic phases [49-53]. 
1.2.4 Piezoelectric properties 
BFO is a promising substitute for the widely used piezoelectric material 
Pb(Zr,Ti)O3, because it is lead-free and environmentally friendly. The piezoelectric 
coefficient d33 value is however relatively low, only ~70 pm/V [23], compared with 
those of other perovskite compounds (100-1000 pm/V) [54]. Recent studies found that 
in the morphotropic phase boundaries (MPB) formed by the epitaxial strain, a 
tetragonal-like phase could be reversibly converted into a rhombohedral-like phase by 
applying an electric field, which leads to a very large mechanical response (~5% 
strain) [26,55]. However, this large electric-induced-strain was only observed in a 
100-nm-thick film, which limited its application. The piezoelectric properties can be 
improved by A-site doping with rare earth elements, such as Sm, Nd and Tb [56-58], 
or by forming solid solution with other perovskites, such as PbTiO3 and BaTiO3 
[59,60]. 
1.2.5 Magnetoelectric coupling 
BFO is one of the most promising single-phase magnetoelectric multiferroics at 
room temperature, despite its weak magnetism. The full magnetoelectric tensor was 
first characterized by Tabares-Munoz et al. in 1980s [61]. Wang et al. [23] then 
reported the magnetoelectric coupling coefficient dE/dH as high as 3 V/cm·Oe at zero 




microsopy, Zhao et al. [62] observed the antiferromagnetic domain switching induced 
by ferroelectric polarization switching. This is a direct proof of the coupling between 
antiferromagnetic and ferroelectric orders in BFO. The internal magnetoelectric 
coupling in BFO together with the interface exchange coupling with a ferromagnetic 
layer leads to the presence of novel devices of BFO/ferromagnet heterostructures 
which enable electric field control of ferromagnetism (Fig. 1.3). These devices are 
promising for the ultralow energy consumption and have achieved tremendous 
interest recently [63,64]. In such devices, the selection of ferromagnets showing both 
good lattice matching and strong exchange coupling with BFO, is critical. For 
example, transitional metal ferromagnets such as Co0.9Fe0.1 [65] and Permalloy [66], 
and oxide ferromagnet such as La0.7Sr0.3MnO3 [67,68] are suitable candidates for the 
ferromagnetic layer in BFO/ferromagnet heterostructures. 
 
Fig. 1.3 Schematics showing the working principle of multiferroic BFO/ferromagnet 
heterostructures. Application of an electric field to BFO causes ferroelectric 
polarization switching, and therefore the antiferromagnetic order of BFO is changed 
due to the internal magnetoelectric coupling. Subsequently, the magnetic state in the 






1.2.6 Photovoltaic properties 
The photovoltaic effect in BFO was a newly discovered functionality [69] and is 
now under intensive investigation. The most outstanding advantages of photovoltaic 
effect in BFO are the extremely large open-circuit voltage [70] and the switchable 
photocurrent [69,71]. The origin of photovoltaic effect in BFO is still controversial 
and various possible mechanisms have been proposed, including the bulk photovoltaic 
effect, depolarization field effect, Schottky barrier effect, and domain wall effect. 
These mechanisms are briefly introduced as follows. 
1) Bulk photovoltaic effect. Early studies reported extremely large open-circuit 
voltages (Voc) in bulk ferroelectrics, such as BaTiO3 [72] and LiNbO3 [73]. Glass 
et al. [74] attributed the origin of the anomalous photovoltaic effect to the 
noncentrosymmetric nature of ferroelectric crystals. In noncentrosymmetric 
crystals, the probability of the electron (or hole) transition from the state with the 
momentum k to a state k’ is not equal to the probability of the reverse transition, 
giving rise to an asymmetric momentum distribution of photo-excited charge 
carriers. Therefore, a steady short-circuit photocurrent (Jsc) is generated and it can 
be described as [74]: 
                           𝐽sc = 𝐺𝛼𝐼L,                         (1.1) 
where G, α, and IL are the Glass coefficient, absorption coefficient, and light 
intensity, respectively. In the general case where an electric field E is present, the 
photocurrent is given by:  




where σd and σph are dark conductivity and photoconductivity, respectively. In the 
condition of open-circuit (i.e., J = 0), the Voc can be calculated as:  






𝑑,                                     (1.3) 
where d is the distance between two electrodes. According to Eq. (1.3), Voc is 
proportional to the distance between two electrodes d and is not limited by the 
band gap. In addition, when IL is small and σph is thus assumed to be a constant, 
Voc increases linearly with IL. However, in the situation where IL is large and σph 
thus dramatically increases with the IL, Voc will become saturated. 
2) Depolarization field effect. Ferroelectric polarization charges distributed at the 
two separated surfaces of a ferroelectric material will produce a depolarization 
field Edp with the direction opposite to the polarization. The magnitude of Edp is 
negligible in bulk ferroelectrics because the distance between the two charged 
surfaces is very large. However, in ferroelectric thin films, the film thickness is 
usually below a few hundreds of nanometers and therefore Edp is significant. This 
Edp will cause the instability of ferroelectric polarization [75,76] and even the 
disappearance of ferroelectricity in ultrathin ferroelectric thin films [ 77 ]. 
Therefore, ferroelectric polarization in thin films can only become stable when the 
polarization charges are screened by the charge carriers from ferroelectrics 
themselves or from electrode materials. Nevertheless, the polarization charges are 
normally only partially compensated. Therefore, the residual Edp can act as a 
driving force to separate photo-excited electron-hole pairs. Qin et al. [78,79] have 




output. They suggested that by decreasing the film thickness and using electrodes 
with high effective dielectric constants which reduces the screening effect, the 
photovoltaic performance of ferroelectric thin films can be dramatically improved. 
In addition, Edp as the origin for the photovoltaic effect in ferroelectric thin films 
can well explain the switchable photoresponse associated with the switching of 
ferroelectric polarization [71]. 
3) Schottky barrier effect. Schottky barrier is an interfacial energy barrier formed 
when a metal with large work function and a semiconductor (note that common 
ferroelectric perovskites belong to semiconductors) are brought into contact. The 
built-in field (Ebi) developed at the depletion region near the interface is 
responsible for the separation of photo-excited electron-hole pairs, and the output 
photovoltage is determined by the barrier height which is limited by the band gap 
of ferroelectrics. Early studies on bulk ferroelectrics did not take Schottky barrier 
into account, because the width of depletion region was much less than the size of 
the bulk sample and the observed above band gap photovoltage could not be 
explained by the Schottky barrier effect. However, in ferroelectric thin films, the 
Schottky barrier induced photovoltaic effect may become significant because the 
width of depletion region is comparable to the film thickness. The photovoltages 
of ferroelectric thin films measured with top-bottom electrode configuration were 
often small [ 80 , 81 ], which might be a feature of Schottky barrier-based 
photovoltaic effect. In ferroelectric thin films sandwiched with two different 




barrier effect are determined by the difference of top and bottom barrier heights. It 
should be noted that if the overall Ebi possesses the same direction with Edp, a 
constructive photovoltaic output is expected, which provides a way to optimize 
the design of ferroelectric thin film-based photovoltaic devices. Further studies 
show that the Schottky barrier height could be modulated by ferroelectric 
polarization, which leads to tunable diode effect [82,83] as well as switchable 
photovoltaic effect [84,85].  
4) Domain wall effect. Recently, Yang et al. [70,86] discovered a fundamentally new 
mechanism for photovoltaic charge separation, which relied on the electrostatic 
potential steps at the nanoscale BFO domain walls. They observed a large 
photovoltage (up to 16 V) with in-plane electrodes oriented parallel to domain 
walls while a vanished photovoltaic effect with in-plane electrodes oriented 
perpendicular to domain walls. Previous ab initio calculations demonstrated the 
existence of built-in potential steps at domain walls, arising from the component 
of polarization perpendicular to the domain wall. The theoretical potential steps of 
BFO 109o and 71o domain walls were 0.15 V and 0.02 V, respectively [87]. Based 
on these calculations and their experimental observations, authors in Ref. [70] 
proposed a model regarding potential steps at domain walls as the driving force 
for charge separation (Fig. 1.4). In the dark, a large electric field (~50 kV/cm) will 
be formed within the domain wall, and the potential step causes the offset of 
conduction band and valence band (Fig. 1.4(b)). As a consequence, the overall 




domain walls are effectively separated by the built-in field and drift to either side 
of domain wall. On the other hand, the photo generated excitons within domains 
are highly localized and tightly bounded, and tend to recombine quickly. A net 
imbalance of charge carriers near the domain wall is thus created and the band 
structure is significantly tilted (Fig. 1.4(c) and (d)). Therefore, a net overall 
photovoltage is generated and it results from the additive effect of the potential 
step across each domain wall.  
 
Fig. 1.4 (a) Schematic of 71o domain walls of BFO. Corresponding band diagrams (b) 
in the dark and (c) under illumination. (d) Detailed picture showing the build-up of 
photoexcited charge carriers near domain walls. Adapted from [70]. 
As introduced above, although various mechanisms have been proposed and 
studied, the photo-electric conversion efficiency achieved so far in ferroelectric 
materials including BFO is still very low [88], which makes them uncompetitive for 
solar cell applications. Therefore, improving the efficiency of ferroelectric-based 
photovoltaic devices remains as an attractive and challenging task. Toward the goal of 
improving the photovoltaic efficiency, many approaches have been proposed and 
applied, among which B-site substitution and integrating photo-active materials are 




electronic structure near the Fermi level, and therefore can significantly tune the 
electrical and optical properties [89]. For example, Bi2FeCrO6 thin film with a high 
degree of B-site cationic ordering between Fe and Cr, exhibits a photovoltaic 
efficiency of ~6% [90]. Integrating photo-active materials, which can make up for the 
shortage of photo-excited e-h pairs generated by ferroelectrics, is also an effective 
way to enhance the overall photovoltaic performance of the integrated device 
compared to the ferroelectric-only device [91]. 
1.3  Purpose of study 
So far, BFO is undoubtedly among the most promising materials showing 
multiferroic behavior, especially at room temperature. It will continue to attract 
considerable enthusiasm and attention in the scientific and technological communities, 
because there are several fundamental issues of BFO remaining unsolved, and there is 
need to further optimize BFO thin films for device applications. As reviewed earlier, 
the unsolved issues and discrepancies are largely in connection with the crystal 
structures and physical properties of BFO, which are summarized as below: 
 Strain induced super-tetragonal BFO phase has been reported as a metastable 
structure, but not well established. When Bi2O3 is utilized to stabilize the 
super-tetragonal BFO, there is a considerable leakage problem. Experimental 
quantification of the expected giant ferroelectric polarization of the 
super-tetragonal phase at room temperature has not been demonstrated. 




specifically, whether the Pmc21 phase, as predicted recently, is more stable than 
Cc/Ima2 phases under large tensile strain requires further verification. In addition, 
all previous studies have ignored the possible shear deformation of BFO lattice 
under large tensile strain. 
 Previous calculations of (110)-BFO were based on the assumption of in-plane 
biaxial constrain, which may not be applicable to anisotropic (110) lattice plane. 
Moreover, previous calculations predicted a centrosymmetric phase for 
(110)-BFO under large compressive strain; while both theoretical and 
experimental evidence of this prediction was completely lacking.  
 Although ferroelectric BFO thin films have been shown to exhibit interesting 
photovoltaic properties, the photo-electric conversion efficiency of BFO-based 
devices is still rather low, which make any realistic application of BFO-based 
devices in solar energy harvesting impossible. 
 The above unsolved issues and discrepancies motivate us to conduct further 
study on BFO-based thin films in the present work. The specific objectives of this 
research are to: 
1)  explore new and alternative approaches of stabilizing tetragonal BFO phase, and 
then characterize and understand its polarization and electrical behavior. 
2)  revisit the unique structural and electrical behavior of (001) BFO thin films under 
tensile strain. 
3)  conduct a comprehensive investigation into (110)-oriented BFO thin films, and 




4)  investigate into and improve the photovoltaic properties of BFO by modifying 
BFO bulk and BFO/electrode interfaces. 
5)  enhance the photovoltaic performance of BFO-based devices by integrating BFO 
with photo-active semiconductors. 
         For the above objectives, we have explored ways to tune and manipulate the 
crystal structures and physical properties of BFO thin films, which is the main scope 
of the present study. Several approaches including strain engineering, B-site 
substitution, and in combination with other functional semiconductors, have been 
investigated. Indeed the orbital and spin degrees of freedom in BFO are strongly 
coupled with the lattice strain. The electronic structure of BFO near the Fermi level is 
mainly constructed by O 2p and Fe 3d, and therefore, the B-site substitution can 
modify the electrical and optical properties of BFO significantly. The combination of 
BFO with other functional semiconductors is aimed at taking advantages of both 
materials for enhanced properties.     
1.4  Thesis layout 
This thesis consists of eight chapters as follows. 
Chapter 1 has introduced the background knowledge of multiferroics and BFO, 
and also has reviewed the history and the recent progress of the studies of BFO. Then, 
several research gaps that are still outstanding and corresponding aims have been 
presented in this chapter. 




work. The experimental methods mainly include thin film deposition technique, 
structural characterization and electrical measurement. 
In Chapter 3, we describe Ga-substituted BFO epitaxial thin films that exhibit a 
stable super-tetragonal-like structure with giant c/a ratio and with twinning domains 
regardless of film thickness and substrate induced strain, together with a giant 
ferroelectric polarization. The structural stability and ferroelectricity of this new and 
stable BiFe0.6Ga0.4O3 structure are demonstrated by both experiments and 
computational studies. 
In Chapter 4, we use first-principles calculations to study the phase transition and 
corresponding properties changes of BFO (001) thin films under tensile strain with 
considering shear deformation. 
In Chapter 5, we detail a new ferroelectric phase in (110) BFO thin films induced 
by uniaxial compressive strain, which is in contradict to previous predictions. We 
conduct simulations based on uniaxial strain conditions and obtain results which are 
in good agreement with experimental findings. 
In Chapter 6, we report Sc-substituted BFO epitaxial thin films that exhibit a 
large photovoltage of up to 0.6 V and a 5-fold enhancement in photovoltaic efficiency 
compared with undoped BFO films. In addition, BiFe0.6Sc0.4O3 thin films are also 
shown to exhibit a significantly switchable Schottky-to-Ohmic conduction behavior, 
which is controlled by ferroelectric polarization switching. 
In Chapter 7, we report a study on the photovoltaic effect in a 




In2O3-SnO2/ZnO/BFO/Pt (ITO/ZnO/BFO/Pt) multilayer thin films. The 
ITO/ZnO/BFO/Pt heterostructure shows a much enhanced short-circuit current 
density (Jsc) of 340 μA/cm2 and a significantly high photo-electric conversion 
efficiency of up to 0.33% under blue monochromic illumination. We then clarify the 
photovoltaic mechanisms in this heterostructure, 





Chapter 2 METHODS 
In this chapter, experimental procedures, including thin film deposition, and 
characterization techniques for composition, surface morphology, crystal structure, 
domain structure, band structure and electrical properties, are presented. The 
computational method based on density functional theory (DFT) is briefly described. 
2.1  Thin film deposition 
In this work, all the thin films were prepared by radio frequency (RF) magnetron 
sputtering, which is widely used for the growth of metal and oxide thin films in areas 
of industry and academic research. There are also other thin film deposition 
techniques, such as pulsed laser deposition (PLD), molecular beam epitaxy (MBE), 
atomic layer deposition (ALD) and sol-gel solution deposition. Compared to these 
alternative techniques, RF magnetron sputtering possesses several advantages, such as 
high deposition rate, good uniformity of thin films, scalability to large area of thin 
films and compatibility with current semiconductor technologies. Therefore, RF 
magnetron sputtering was chosen for the deposition of BFO and other thin films in 
this work. Prior to sputtering, ceramic target fabrication and substrate selection and 
cleaning are two necessary steps. 
2.1.1 Ceramic target fabrication 
The fabrication of ceramic targets was done through conventional solid state 




example, powders of Bi2O3 and Fe2O3 with molar ratio 1.1:1 were used as the starting 
materials. Here, 10% excess of Bi2O3 was added to compensate the likely Bi loss 
during high temperature heat treatment due to the high volatility of Bi. The workflow 
of following procedures is shown in Fig. 2.1. 
 
Fig. 2.1 Procedures of BFO target fabrication. 
2.1.2 Substrate selection and cleaning 
A suitable substrate is crucial for the growth of thin film with desired phase and 
good crystallinity. Generally, there are two types of substrates, i.e., single crystal 
substrates for the growth of epitaxial thin films and Pt/Ti/SiO2/Si substrates for the 
growth of polycrystalline thin films.  
One major consideration when choosing the single crystal substrates is the lattice 




The epitaxial strain ε can be simply calculated by: 
                                                      𝜀 =
𝑎s − 𝑎0
𝑎0
× 100%,                                                   (2.1) 
where as and a0 are the in-plane lattice constants of the fully strained film and 
corresponding fully relaxed bulk material, respectively. As discussed in Section 1.2.1, 
substrate-induced strain plays an important role in determining the crystal structure of 
an epitaxial thin film. Therefore, it is necessary to know different strain levels 
provided by various commercially available substrates. Fig. 2.2 summarizes the 
pseudocubic in-plane lattice constants of some commonly used substrates and some 
widely studied ferroelectric perovskites [92]. These parameters are useful for one to 
refer to before growing ferroelectric epitaxial thin films with desired phases. 
 
Fig. 2.2 Pseudocubic in-plane lattice constants of some commercially available 
perovskite and perovskite-related substrates (below the number line) and some 
ferroelectric perovskites of current interest (above the number line). Adapted from 
[92]. 
Note that all commercial substrates often contain organic and inorganic 
contaminations on the surfaces after the polishing process. Therefore, the substrates 
should be carefully cleaned before use. In this work, the substrates were ultrasonically 




ethanol, and de-ionized (DI) water. Finally, the substrates were dried with nitrogen 
gun. 
2.1.3 RF magnetron sputtering 
In this work, the equipment used for RF magnetron sputtering is Oerlikon 
Leybold Vacuum system (Germany). Fig. 2.3 shows a schematic of the RF magnetron 
sputtering system, which mainly contains vacuum chamber, vacuum pump, sputtering 
gun, substrate holder, heater, gas supply and power supply. 
 
Fig. 2.3 Schematic showing the RF sputtering system and the sputtering process. 
Sputtering is a process of bombarding and ejecting atoms from the target surface 
by highly energetic particles. Before sputtering, the chamber has to be pumped into a 




sputtering, a high voltage is applied to the target and makes it negatively charged. 
Meanwhile, the argon gas becomes ionized (the ionized argon gas is also called 
“plasma”), and Ar+ ions are accelerated towards the target with high kinetic energy, 
bombarding the target surface. Thus, atoms are ejected from the target, fall on the 
substrate which is rotated with the holder, and then migrate and condense to form a 
thin film at an appropriate temperature. In order to improve the sputtering yield, a 
magnetic field is employed to confine energetic particles of the plasma in the vicinity 
of the target. One issue of sputtering insulating material, such as BFO, is the 
charge-up effect caused by the insulating nature of the target. This issue can be 
resolved by the RF sputtering method, which applies alternating voltage and enables 
the target to be positively charged for a short period of time to avoid the charge-up 
effect. 
There are several parameters shall be carefully tuned and optimized to deposit 
high quality thin films, such as temperature, O2 partial pressure, total gas pressure (Ar 
and O2), sputtering power, and sputtering time. An appropriate temperature is critical 
for stoichiometry, crystallinity and uniformity of the film, because it affects the Bi 
loss, the mobility of deposited atoms, and the ability of atoms to overcome potential 
barriers to form chemical bonds. By coating the back side of the substrate with silver 
paste, a better contact between the substrate and the heating holder is achieved and 
thus the uniformity of the film is improved. O2 partial pressure is crucial for the 
stoichiometry of the film. Low O2 partial pressure leads to oxygen vacancies, while 




phases, such as Bi2O3, are very sensitive to O2 atomosphere. The sputtering power and 
the total gas pressure determine the growth rate. The film thickness is controlled by 
the sputtering time. Note that the optimal deposition condition differs from one 
specific thin film to another and a lot of effort has to be spent in searching it. The 
optimal sputtering parameters for all the thin films deposited in this work are listed in 
Table 2.1. 









SrRuO3 90 650 17 24:5 1.5 
LaNiO3 110 620 67 12:11 1 
BiFeO3 120 580 10 9:2 varied 
BiFe0.6Ga0.4O3 120 610 15 14:13 varied 
BiFe0.6Sc0.4O3 120 610 10 2:1 varied 
ZnO 120 520 10 9:2 0.67 
2.2  Characterization techniques 
2.2.1 X-ray photoelectron spectroscopy and ultraviolet photoelectron 
spectroscopy  
Photoelectron spectroscopy is a surface-sensitive spectroscopic technique which 
uses photo-ionization and analysis of the kinetic energy distribution of the emitted 
photoelectrons to study the composition and electronic state of the surface region of a 
material. It can be further divided into X-ray photoelectron spectroscopy (XPS) and 
ultraviolet photoelectron spectroscopy (UPS), according to the source of exciting 
radiation. Both XPS and UPS follow the same working principle: 




where KE is the kinetic energy of the electron, hν is the energy of incident photon, BE 
is the binding energy of the electron, and ϕ is the work function of the spectrometer. 
However, the difference of XPS and UPS is the hν, which is typically 200~2000 eV 
for XPS while 10~45 eV for UPS. Therefore, XPS and UPS are used to examine 
core-level electrons and valence-level electrons, respectively. 
In the XPS spectrum, the presence of peaks at particular binding energy indicates 
the presence of a specific element because for each element, there will be a 
characteristic binding energy associated with certain core levels. Therefore, XPS 
enables the identification of elements. Furthermore, the intensity of the peaks is 
related to the concentration of an element, which makes XPS a quantitative tool to 
analyze the surface composition. 
In UPS, since the UV radiation with much lower energy is used, only the valence 
levels can be probed. However, the advantage of the UV radiation over the X-rays is 
the very narrow line width and the high flux of photons. UPS is often used to study 
the electronic structure of the valence band of a solid. 
In this work, a Kratos Axis Ultra X-ray photoelectron spectrometer (Kratos 
Analytical) was used both for XPS and UPS. However, the radiation sources of XPS 
and UPS were Mg Kα (1253.6 eV) and Helium I (21.21 eV), respectively. 
2.2.2 X-ray diffraction  
X-ray diffraction (XRD) is a very useful tool to study the crystal structure of a 




lattice planes. In this work, we used two types of XRD, i.e., powder XRD for 
polycrystalline thin films and high-resolution XRD (HRXRD) for epitaxial thin films. 
 Powder XRD 
Powder XRD was performed by using a Bruker D8 Advanced X-ray 
diffractometer with monochromatic and Ni filtered Cu Kα radiation (λ = 0.154 nm). 
The basic working principle of powder XRD is the Bragg’s law (HRXRD also obeys 
it), as illustrated in Fig. 2.4. The incident X-ray interacts with the atom and will be 
scattered into a direction with an angle of 2θ away from the incident direction. The 
path difference of two parallel X-ray beams scattered by neighboring atoms is 2dsinθ, 
where d is the spacing between two lattice planes. If the path difference is just equal 
to be an integer (n) times of wavelength, the constructive interference of scattered 
beams occurs and thus a diffraction peak can be observed. This gives the Bragg’s law 
described as: 
 2𝑑sin𝜃 = n𝜆.  (2.3) 
According to the Bragg’s law, the lattice dimensions of a crystal can be determined if 
the positions of diffraction peaks (2θ) are measured (λ is already known). For a 
multi-phase sample, one can compare the measured XRD pattern with the standard 
ones in the powder diffraction file (PDF). By checking the consistency of peak 





Fig. 2.4 Schematic illustration of Bragg’s law. 
 High-resolution XRD 
High-resolution XRD was conducted at the X-ray development and 
demonstration (XDD) beam line of the Singapore Synchrotron Light Source (SSLS). 
For epitaxial thin films, the information of in-plane lattice dimensions is unable to be 
revealed by the normal θ/2θ scan of powder XRD. Thus, HRXRD which has a four 
circle X-ray diffractometer is required. As shown in Fig. 2.5, there are four degrees of 
freedom in the four circle X-ray diffractometer, i.e., ω, 2θ, ϕ and χ. The sample can be 
rotated by an angle of ϕ within the plane which is parallel to the sample stage. In 
addition, the sample stage can be tilted by the angle of ω within the plane which 
contains the incident beam and diffracted beam, and it can also be tilted by the angle 
of χ perpendicular to the same plane. The last circle 2θ is the angle between the 





Fig. 2.5 The geometries of four circle X-ray diffractometer in SSLS. Adapted from 
[93]. 
The coordinates in angular space (ω, 2θ, ϕ, χ) can be reversibly converted to 
those in the reciprocal space (a*, b*, c*). Therefore, a reciprocal space mapping can 
be obtained by combining different scans in which those four angles are manipulated 
differently. From the reciprocal space mapping, one can calculate the lengths and 
orientations of the lattice vectors a*, b*, c* of the reciprocal unit cell and further 
calculate those of a, b, c of the real unit cell, according to the relationship: 
                       𝒂∗ =
𝒃 × 𝒄
𝒂 ∙ (𝒃 × 𝒄)
, 𝒃∗ =
𝒄 × 𝒂
𝒂 ∙ (𝒃 × 𝒄)
, 𝒄∗ =
𝒂 × 𝒃
𝒂 ∙ (𝒃 × 𝒄)
.                            (2.4) 
Thus, the whole information of the lattice is revealed by the reciprocal space 
mapping.  
2.2.3 Transmission electron microscopy 




electron beam is transmitted through the sample and an imaged is formed from those 
transmitted electrons. Viewed from the basic principle, TEM is analogous to optical 
microscope but it uses electrons instead of light. Because electrons are accelerated at 
several hundred kilovolts and the resulting wavelength is much smaller than that of 
light, the resolution of TEM is thousands of times better than that of the optical 
microscope. In the low magnification mode, the TEM image contrast is mainly due to 
absorption of electrons by the sample. However, in the high magnification mode, 
complex wave interactions between electrons and atoms in the sample can modulate 
the intensity of the image, which requires expert analysis of observed images. Another 
important function owned by TEM is the selected area electron diffraction (SAED) 
pattern, which is generated by adjusting the magnetic lens such that the back focal 
plane of the lens rather than the imaging plane is placed on the imaging apparatus. In 
this case, electrons are diffracted by atoms acting as diffraction grating, which follows 
the similar principle of XRD. However, one advantage of SAED over XRD is that 
areas as small as several hundred nanometers in size can be examined. For single 
crystal sample, the SAED pattern is a series of dots and the pattern is dependent on 
the orientation and the crystal structure of the sample. Therefore, the SAED pattern 
can provide information about the lattice parameters and the orientation of the crystal.  
Since electrons have to pass through the sample, there is a stringent requirement 
of the sample thickness for TEM study. A TEM sample must be approximately 100 
nm or less in thickness in the area of interest. The sample is typically prepared by 




thinning done by ion milling. A more convenient way to prepare the sample is cutting 
by focused ion beam (FIB). 
In this work, cross-sectional TEM images and SAED patterns were taken by 
using Philips CM300 FEG TEM. 
2.2.4 Scanning electron microscopy 
Scanning electron microscopy (SEM) is a routinely used imaging technique for 
investigating microstructures and morphologies of materials. In SEM, the incident 
electron beam is typically generated via two ways, i.e., thermionic emission and field 
emission. The former way uses electrical current to heat up a filament. When the heat 
is enough to overcome the work function of the filament material, electrons can 
escape. In the latter way, the emission is realized by placing the filament in a huge 
electrical potential gradient. After emission, electrons are focused by condenser lenses 
and then interact with atoms at the sample surface, producing signals which contain 
the information about the surface topography and the composition of the sample. The 
signals including secondary electrons, backscattered electrons, Auger electrons and 
characteristic X-rays, are then collected by respective detectors and processed to form 
images. Among these various signals, the secondary electrons, which are generated by 
atoms of the sample after absorbing the energy of the incident electrons, are most 
commonly used. The secondary electron imaging is capable of achieving a high 
resolution of one nanometer. 




cross section of multilayer thin films. Because of the poor conductivity of 
BFO(-based) thin films, a gold layer with the thickness of 10 nm was coated by 
sputtering beforehand.  
2.2.5 Atomic force microscopy 
Atomic force microscopy (AFM), as one high-resolution type of scanning probe 
microscopy, is used to characterize the sample surface. Compared to SEM in imaging 
the sample surface, AFM shows advantages that it does not require vacuum operation 
and suitable for insulating materials. When scanning an AFM tip over a sample 
surface, forces between the tip and the sample lead to a deflection of the cantilever. 
The deflection is measured by using a laser spot reflected from the back of the 
cantilever into an array of photodiodes. The information of the deflection relative to 
the x-y position is fed back to a computer, generating an image of sample topography 
or other properties of interest. There are three modes of AFM operation, namely 
contact mode, tapping mode and non-contact mode. In the contact mode, the tip is 
contacted with and is dragged across the sample surface. This mode can give a high 
scan speed, but it may damage the soft sample and the features of the image will be 
affected by the lateral force. In the tapping mode, the cantilever is oscillating, and the 
tip lightly touches the sample surface when cantilever oscillates down. The tapping 
mode lessens the physical damage done to the sample surface and improves the lateral 
resolution. In the non-contact mode, the tip is held a certain distance above the sample 




In this work, Nanoscope IIIa MultimodeTM AFM (Digital Instrument, Inc) was 
used to investigate the surface topography of BFO and other thin films. 
2.2.6 Piezoresponse force microscopy       
Piezoresponse force microscopy, as a variant of AFM, has been widely used for 
probing piezoelectric and ferroelectric properties of materials in the nanoscale. This is 
achieved by bringing a conductive AFM tip into contact with a piezo-/ferroelectric 
surface and applying a bias to the tip in order to stimulate a deformation of the sample 
via the converse piezoelectric effect. The resulting deflection of the cantilever is 
detected through standard split photodiode detector methods and then processed to 
generate images containing the information of the amplitude and the phase of the 
piezoresponse.  
Upon applying a bias to the tip, the deformation of a ferroelectric material 
underneath the tip strongly depends on the orientation of ferroelectric polarization, 
which forms the basis of detecting ferroelectric domain patterns. For example, in the 
out-of-plane polarization measurement (Fig. 2.6(a) and (b)), if the polarization (P) is 
parallel to the applied electric field (E), the sample will expand, causing a vertical lift 
of the cantilever. On the contrary, if P is antiparallel to E, the sample will contract, 
leading to a vertical lowering of the cantilever. In the in-plane polarization 
measurement (Fig. 2.6(c) and (d)), P is perpendicular to E. A shear deformation of the 
sample via the piezoelectric coefficient d15 occurs, which induces the torsion of the 




domain orientations within the scanned area can be determined. 
 
Fig. 2.6 Schematics showing the deformation of a ferroelectric material with different 
polarization orientations. (a) expansion when P is parallel to E. (b) contraction when 
P is antiparallel to E. (c),(d) shear deformation when P is perpendicular to E. Adapted 
from [94]. 
In addition, PFM also allows the manipulation of the ferroelectric domains, by 
applying a sufficient large electric field to switch the ferroelectric domains. The local 
hysteresis loops can be further studied by piezoresponse force spectroscopy (PFS), in 
which the domain switching and the electromechanical response detection are 
performed simultaneously. 
In this work, a SPM system (MFP-3D, Asylum Research, USA) with a software 




090909-1214) was used. A commercially available Pt-coated Si tip (AC240TM, 
Olympus, Japan) with average tip radius of 15 nm, average stiffness of 2 N/m and 
average resonance frequency of 70 kHz was employed. The local ferroelectric 
hysteresis loops were measured by using PFS.  
2.2.7 Ferroelectric hysteresis loop  
Ferroelectric polarization-electric field (P-E) hysteresis loop is the key 
measurement of ferroelectric materials. Commonly used methods of measuring P-E 
loops are derived from the Sawyer-Tower circuit [95]. They do not directly measure 
the polarization, however, they measure the current. This is based on the fact that 
when a ferroelectric sample is switched between two opposite polarized states, a 
displacive current will be induced. The measured current is then integrated into charge, 
and thus the polarization can be calculated from charge. However, the measured 
current also contains leakage current arising from the imperfectly insulating nature of 
a real ferroelectric material. The leakage current will distort the shape of a P-E loop 
and even totally mask the ferroelectric behavior if the sample is too conductive. 
Therefore, leakage current is the major artifact in the P-E measurement. 
Depending on the waveforms of applied voltage, there are various types of P-E 
measurements, among which the bipolar P-E measurement is the most typical one. As 
shown in Fig. 2.7(a), two identical bipolar triangular waveforms of voltage are 
applied, in which the first waveform is for presetting and the second one is for 




information including maximum polarization (Pmax), spontaneous polarization (Ps), 
remnant polarization (Pr), coercive field (Ec), and amplitude of applied field (Emax). 
 
Fig. 2.7 (a) Waveforms applied in the bipolar P-E measurement. (b) Typical bipolar 
P-E hysteresis loop. The corresponding components of the waveform and the P-E 
loop have the same color. 
Another method, so called monopolar P-E hysteresis loop is often used for poling 
the sample. As the name of “monopolar” implies, only one positive or one negative 
triangular waveform is applied. Therefore, using this method, one can switch the 
polarization of a sample to the direction as needed, i.e., poling the sample. Poling with 
this method can reduce the electrical damage to the sample, compared to the 
conventional DC voltage poling. 
The positive-up negative-down (PUND) method is developed to exclude the 
influence of leakage current. Five sequential pulses, i.e., initial, positive, up, negative, 
and down pulses are applied in the PUND method. The basic idea of this method is 
that by applying two identical pulses, the first pulse measures the overall polarization 
including ferroelectric polarization and leakage contribution, while the second pulse 




already aligned in the same direction by applying the first pulse. Then, the intrinsic 
ferroelectric polarization is obtained by a subtraction of the polarization value 
measured by the second pulse from that measured by the first pulse.  
In this work, a Radiant Precision Premium II tester (Radiant Technology) was 
used for both bipolar and monopolar P-E hysteresis measurements. To conduct 
electrical measurements, a capacitor structure of a ferroelectric layer sandwiched 
between top and bottom electrodes has to be established. Here, some conductive 
perovskites such as SrRuO3 and LaNiO3, and highly-textured platinum were used as 
bottom conductive buffer layers, while gold and indium-tin-oxide (ITO) were used as 
top electrode materials. 
2.2.8 DC current-voltage measurement 
As pointed out in the previous section, a real ferroelectric sample is not ideally 
insulating and therefore the leakage current always exists. It is necessary to 
characterize the conduction behavior and further analyze the conduction mechanisms. 
In this work, the DC current-voltage (I-V) characteristics were measured with an 
electrometer (Keithley 6517A). To measure the photovoltaic current, a xenon light 
source (Hamamastsu LC8 with L8253 super quiet xenon lamp) was used to illuminate 
the sample during the I-V measurement. Deep blue band pass filters (BP435) were 
used to select the incident light wavelength at 435 nm. The light intensity was 





2.3  First-principles calculation 
In physics, a calculation is said to be from first principles (or ab initio), if it 
directly starts from the level of established laws of physics without making any 
assumptions such as empirical model and fitting parameters. The first-principles 
calculation, as a powerful computational tool, has significantly contributed to the 
progress in multiferroics, by predicting new materials with desired physical properties 
and elucidating the experimental phenomena. Density functional theory (DFT) is 
probably the most popular first-principles method, for its high efficiency and accuracy. 
The basic knowledge of DFT including Hohenberg-Kohn theorems and Kohn-Sham 
equations will be briefly introduced in Section 2.3.1. In addition, two methods of 
Berry phase and Born effective charge, which are particularly useful to calculate the 
ferroelectric polarization, will be described in Section 2.3.2.  
2.3.1 Density functional theory 
In quantum mechanics, the wave function Ψ is used to describe the system. A 
solid is a collection of numerous of atoms (nuclei and electrons) which interact with 
each other. To study the solid, one needs to solve the corresponding Schrödinger 
equations, which are so called a many-body problem. The Schrödinger equation can 
be expressed as: 
 ?̂?Ψ(𝐫1, 𝐫2, … … , 𝐫N) = 𝐸Ψ(𝐫1, 𝐫2, … … , 𝐫N),  (2.5) 
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method, because of the tremendous computational expense. The question arises: are 
there any alternative ways to solve the problem by avoiding the 3N dimensional wave 
function in the Schrödinger equation? This is the major motivation driving the birth of 
density functional theory (DFT). 
In fact, the Hamiltonian operator (Eq. (2.6)) only consists of single electron and 
bi-electronic interactions, because the operator only involves the coordinates of one or 
two electrons only. The knowledge of a two-particle probability density, i.e., the 
probability to find an electron at r1 and an electron at r2, is sufficient to fully express 
the Hamiltonian operator. Therefore, the electron density is introduced. 
In 1964, Hohenburg and Kohn proposed two theorems [96], in which the 
electron density is the core idea. The first theorem can be stated as: the external 
potential is determined by the ground state electron density n0, and consequently the 
Hamiltonian operator, the wave function and all the properties are determined. The 
second theorem can be stated as: the ground state total energy E0 is a functional of 
n0(r). For any positive definite trial density n(r), E[n(r)] ≥ E0. This establishes a 
variational principle. These two theorems lay the foundation of DFT, however, they 
do not offer a way of computing the ground state density of a system in practice. Later, 
Kohn and Sham devised a simple method for carrying out DFT calculations [97], 
which will be introduced as follows. 
The Kohn-Sham ansatz assumes that the ground state density of the original 
interacting many-body system is the same as that of a non-interacting system. This 




differences between which and the many-body system are included into a 
exchange-correlation term. Based on this ansatz, one can rewrite the total energy 
functional of the system (Eq. (2.6)) as: 
 𝐸KS[𝑛(𝒓)] = 𝑇S[𝑛(𝒓)] + 𝑉ext[𝑛(𝒓)] + 𝑉H[𝑛(𝒓)] + 𝐸xc[𝑛(𝒓)], (2.7) 
where the four terms at the right of Eq. (2.7) represent independent-particle kinetic 
energy, external potential, Coulomb interaction energy (Hartree energy), and 
exchange-correlation energy, respectively. To get the ground state energy, EKS is 
minimized by variational method and Lagrange multiplier method for orthonormality 
constraints of wave functions. Thus, one can obtain: 
                          [−
1
2
∇2 + 𝑉ext(𝒓) + 𝑉H(𝒓) + 𝑉xc(𝒓)] ϕi(𝒓) = εi(𝒓),                        (2.8) 
                                            with 𝑛(𝒓) = ∑ |ϕi|




These above equations are the celebrated Kohn-Sham (K-S) equations. The original 
complex many-body problem is successfully replaced by the independent-particle 
problem. However, the expression of the exchange-correlation functional Exc[n(r)] is 
still unknown. Several approximations have been used to formulate the 
exchange-correlation functional, in particular, local density approximation (LDA) and 
generalized gradient approximation (GGA). Now it becomes practical to solve the 
K-S equations.  






Fig. 2.8 The flow chart of self-consistent loop to solve the K-S equations. 
2.3.2 Berry phase method and Born effective charge method 
The modern polarization theory has made solid contributions to the research field 
of ferroelectrics since its development in 1990s. It is also known as Berry phase 
theory because the polarization is expressed in the form of a certain quantum phase 
called a “Berry phase”. Resta first introduced a parameter λ with the meaning of a 
dimensionless adiabatic time [ 98 ]. During polarization switching, λ varies 
continuously from zero (corresponding to the initial state) to 1 (corresponding to the 
final state). Here, “initial” and “final” states refer to the states before and after the 
sublattice displacements. Thus, the switched polarization is:  





𝑑𝜆,                                                       (2.10) 
where dP/dλ is a well-defined bulk vector property. Note that the application 




the λ = 0 corresponds to a centrosymmetric reference structure and λ = 1 corresponds 
to a spontaneously polarized structure, the spontaneous polarization can be obtained 
according to Eq. (2.10).  
Then, the concrete calculation methods were proposed by King-Smith and 
Vanderbilt [99,100], and were further completed by Resta [101]. In their methods, the 
ΔP is derived in terms of the valence band wave functions of the initial and final 
Kohn-Sham Hamiltonian: 











,                  (2.11) 
where the term i⟨𝑢𝑛𝒌|∇𝒌|𝑢𝑛𝒌⟩ is a “Berry connection” and its integral over the 
Brillouin zone is known as a “Berry phase”. In addition, 𝑒Zs
ion, rs and Ω are the 
positive charges of one ion, the location of one ion and the volume of the unit cell, 
respectively. 
The Born effective charge tensor, denoted as Z*, is defined as the change in 
polarization divided by the ionic displacement: 






,                                                       (2.12) 
where Pα is the polarization projected to Cartesian direction α and ujβ is the 
displacement of ion j in Cartesian direction β. If the Born effective charge tensors of 
all ions are known, the polarization can be obtained through summing the product of 
ionic displacements and their corresponding Born effective charges: 










Chapter 3 STABLE FERROELECTRIC PEROVSKITE 
STRUCTURE WITH GIANT AXIAL RATIO AND 
POLARIZATION IN EPITAXIAL BiFe0.6Ga0.4O3 THIN 
FILMS 
3.1  Background 
Ferroelectric thin films with large polarization are of great interest, not only for 
studying the physical mechanisms underlying the polarization [102], but also for 
realizing high performance devices, such as actuators and sensors [103], nonvolatile 
memories [ 104 ], and devices based on tunneling junctions [ 105 ] and bulk 
photovoltaic effect [71]. To achieve large polarization, perovskite-type oxides having 
super-tetragonal(-like) unit cells with giant c/a ratios (> 1.2) are the ideal objects, due 
to the significant ionic displacements. One of the extensively studied routes to 
develop the super-tetragonal structures is through epitaxial strain induced by the 
substrate [33]. For example, BiFeO3 (BFO) which shows rhombohedral symmetry in 
its polycrystalline bulk state, can be tailored to a super-tetragonal structure with c/a ~ 
1.24 and a giant polarization of ~150 μC/cm2 under large compressive strains 
[26,28,29,55,106,107]. However, the strain-induced structure is often metastable, and 
it will relax toward its bulk form when the film thickness exceeds certain value. 
Furthermore, when a bottom electrode has to be inserted between the substrate and the 




seriously. A recently demonstrated route is to stabilize super-tetragonal BFO 
structures by the application of a β-Bi2O3 (β-BO) layer which facilitates the growth of 
super-tetragonal BFO [34,35]. However, because β-BO is highly conductive and is 
likely to crystallize within the BFO layer, the leakage issue arises [35].  
It is well known that formation of a solid solution can drastically tune the crystal 
structure and the physical properties, in comparison to the parent compositions, where 
Pb(ZrxTi1-x)O3 (PZT) is a classic example. In this letter, we demonstrate the 
stabilization of the desired super-tetragonal(-like) structure in BFO-based epitaxial 
thin films, by forming a Ga-substituted BFO solid solution, in contrast to the 
well-studied substrate strain approach. By using a combination of high resolution 
X-ray diffractometry (HR-XRD), transmission electron microscopy (TEM), 
piezoresponse force microscopy (PFM), first-principles calculation and macroscopic 
polarization-electric field (P-E) hysteresis measurement, we show that BiFe0.6Ga0.4O3 
(BFGO) epitaxial thin films possess an intrinsically stable super-tetragonal-like 
structure with giant c/a ratio of ~1.25 and with twinning domains regardless of film 
thickness and substrate induced strain, together with a robust ferroelectricity (Pr ~ 150 
μC/cm2). It shall be emphasized that although the super-tetragonal-like phase has 
already been reported in BiFe1-xGaxO3 powders [108] and polycrystalline thin films 
[109], the epitaxial thin films have never been studied. In addition, the origin for the 
Ga-substitution induced structural stability of the super-tetragonal phase was unclear. 
Therefore, the development of BFGO epitaxial thin films of super-tetragonal-like 




only for the fundamental understanding of the Ga-substitution induced structural 
stability but also for their remarkable potentials in device applications. 
3.2  Experimental and computational methods 
A previous study [108] has demonstrated that super-tetragonal-like structures 
could be formed in BiFe1-xGaxO3 polycrystalline powders with 0.4 ≤ x ≤ 0.5. To 
develop epitaxial thin films by sputtering, it has however been unsuccessful to obtain 
a sintered ceramic target with high levels of Ga concentration due to the severe 
cracking in association with phase instability upon sintering at ambient pressure. 
Therefore, our investigation is focused on the composition with Ga 40% in the present 
study. The ceramic target was made by sintering of the powder mixture of Bi2O3, 
Fe2O3 and Ga2O3 with mole ratio of 1.1: 0.6: 0.4 at 830 
oC for 2h. Epitaxial BFGO 
thin films of ~100 nm in thickness were grown on (001)pc NdCaAlO4 (NCAO) 
substrates by radio frequency (RF) sputtering at 610 oC. The gas pressure was kept at 
15 mtorr (Ar : O2 = 14: 13) during deposition. Prior to the deposition of BFGO thin 
films, a LaNiO3 layer with the thickness of 30 nm was deposited as the bottom 
electrode. The composition of resulting BFGO thin films was analyzed by X-ray 
photoelectron spectroscopy (XPS) with a Kratos Axis Ultra X-ray photoelectron 
spectrometer (Kratos Analytical). The crystal structures of resulting BFGO thin films 
were studied by HR-XRD at the X-ray development and demonstration (XDD) beam 
line of Singapore Synchrotron Light Source (SSLS). Cross-sectional TEM images and 




CM300 FEG TEM. In the PFM study, a SPM system (MFP-3D, Asylum Research, 
USA) with a software platform (IGOR PRO 6.12A) and SPM control software 
(Asylum Research, version 090909-1214) was used. A commercially available 
Pt-coated Si tip (AC240TM, Olympus, Japan) with average tip radius of 15 nm, 
average stiffness of 2 N/m and average resonance frequency of 70 kHz was employed. 
The local ferroelectric hysteresis loops were measured by using piezoresponse force 
spectrosopy (PFS). The ferroelectric P-E loops were measured by Radiant Precision 
Premier II (Radiant Technologies). The first-principles calculations were performed 
using the PBE-GGA [111] as implemented in the Vienna Ab initio Simulation 
Package (VASP), which employs the Projected Augmented Wave (PAW) method. A 
3×3×3 Monkhorst-Pack k-mesh and an energy cut-off of 500 eV for plane waves were 
used. In the calculations, all atoms in the BFGO system were fully relaxed until the 
Hellmann-Feynman forces were less than 20 meV/Å. 
3.3  Results and discussion 
3.3.1 Unique super-tetragonal-like structure with twinning domains 
As can be seen from the analytical XPS results (Table 3.1), the atomic ratio of Bi: 
Fe: Ga = 1: 0.60: 0.41, which is consistent with the nominal value. Fig. 3.1(a) shows 
the HR-XRD θ-2θ scan of the BFGO/LNO/NCAO heterostructure. The distinct and 
sharp peaks of BFGO, LNO and NCAO in the pattern suggest the formation of a 
single-phase thin film and the high-quality epitaxy in (001)pc orientation. Low 




LNO/NCAO and BFGO/LNO and a smooth surface of BFGO, which further confirms 
the high quality of the BFGO/LNO/NCAO heterostructure. 
Table 3.1 Analytical XPS results of Bi4f, Fe2p, Ga2p, and O1s 











At. %  
Bi4f 168.41 159.02 154.41 17939.19 1.05 39893.02 21.48 24.83 24.39 
Fe2p 744.41 710.23 702.41 1096.25 1.91 11524.69 12.95 16.42 14.7 
Ga2p 1152.41 1117.51 1110.41 2853.27 1.28 10035.99 8.9 32.5 10.11 
O1s 537.41 529.94 523.41 6017.82 1.27 8053.53 44.74 2.93 50.8 
 
 
Fig. 3.1 (a) X-ray diffraction θ-2θ scan of the 100-nm BFGO thin film grown on the 
LNO-buffered NCAO (001)pc substrate. Reciprocal space mappings around 
diffraction spots (b) (-1-18) and (c) (0-19) of the NCAO substrate, along with BFGO 
(-1-13) and (0-13), respectively. 
 
 
Fig. 3.2 (a) Low magnification cross-sectional TEM image of BFGO/LNO/NCAO 
heterostructure with an inset showing the enlarged image of the boundary-like region. 
(b) SAED pattern taken along [-110] zone axis, where the split of BFGO (221) spots 





From the diffraction angles shown in Fig. 3.1(a), the d spacing of BFGO (001)pc 
is measured to be ~4.67 Å which is comparable to the reported super-tetragonal(-like) 
BFO [26,28,29,34,35,55,106,107, 112 ]. The reciprocal space mappings (RSMs) 
around (-1-18) and (0-19) of the substrate NCAO are shown in Fig. 3.1(b) and (c), 
respectively. Interestingly, the (-1-18) HHL mapping shows a vertical splitting of 
BFGO (-1-13) peak into three peaks (Fig. 3.1(b)). The splitting is due to the 
coexistence of four twinning variants with monoclinic tilts along [110]pc, [-110]pc, 
[1-10]pc and [-1-10]pc directions, respectively (see Fig. 3.3(a) and (b)). If a diagonal 
plane passing the origin is used to cut through the real space, it will result in three sets 
of lattice. Variants 3 and 4 overlap completely, whereas variants 1 and 2 tilt toward 
different directions. Therefore, there will be three peaks of BFGO in (HHL) and 
(-H-HL) RSMs, as illustrated in Fig. 3.3(c). In addition, the middle peak of BFGO in 
Fig. 3.1(b) has a stronger intensity than the other two because it is the diffraction of 
the two twinning variants together. The split of BFGO (HHL) spots is also observed 
in the SAED pattern taken along [-110] zone axis, as shown in Fig. 3.2(b). On the 
other hand, the two peaks of BFGO (0-13) shown in Fig. 3.1(c) provide another 
evidence for the twinning structures. The cutting plane perpendicular to b axis gives 
rise to two sets of lattice in the real space. Variant 1 overlaps with variant 3 and 
variant 2 overlaps with variant 4, respectively. This leads to two peaks with nearly the 
same intensity in (H0L) and (-H0L) RSMs (or (0KL) and (0-KL)), as shown in Fig. 
3.3(d). The lattice parameters of the monoclinic unit cell are calculated as am = 5.338 




unit cell, the in-plane lattice constants are determined as a ≈ b ≈ 3.768 Å, and the c/a 
ratio is ~1.25. High resolution TEM further confirms the lattice parameters of the 
BFGO structure (see Fig. 3.2(c)). These results are also consistent with the 
monoclinic Cm structures reported for BFGO in the forms of powder [108] and 
polycrystalline thin film [109]. One interesting point is that the super-tetragonal-like 
BFGO exhibits a monoclinic A-type (MA) tilt, whereas BFO with similarly giant c/a 
ratio shows a monoclinic C-type (MC) tilt [28]. However, MA-BFO unit cell only 
possesses a much smaller c/a ratio of ~1 [28]. 
 
Fig. 3.3 Schematics showing (a) the BFGO unit cell, and (b) the configuration of four 
twinning variants. The reciprocal relationships between real lattice and reciprocal 
lattice for (c) (HHL) mapping, and (d) (H0L) mapping. 
  To further verify the twinning domain structures of BFGO, both TEM and PFM 
techniques were employed. We have observed boundaries (or boundary-like regions) 
between twinning domains in the low magnification cross-sectional TEM images (see 
Fig. 3.2(a). In addition,  
Fig. 3.4(a) shows the out-of-plane (OP) PFM phase image with homogeneous contrast, 




to the same direction. Because the OP polarization could be reversed by applying a 
negative tip bias, the direction of the OP polarization in the as-grown state is 
downward (see Fig. 3.5(a)). However, in the in-plane (IP) PFM phase images (both 
IP[100] and IP[010]; see  
Fig. 3.4(b) and (c)), the yellow-purple contrasts are observed, which indicates that the 
IP polarizations have two different orientations along both [100]pc and [010]pc 
directions. These results suggest the coexistence of four polarization variants (Fig. 
3.3(b)), which is consistent with the finding of HR-XRD. Combining IP[100] and IP[010] 
phase images, one can distinguish those four domains and map their distribution, as 
shown in  
Fig. 3.4(d). The chaotic domain patterns shown in the IP phase images were also 
reported for the super-tetragonal BFO thin films [29]. Both OP and IP polarizations 
are switchable (Fig. 3.5(b) and (c)), and the local switching of ferroelectric domains 
along the OP direction was further evidenced by the PFS study. As shown in Fig. 
3.4(e), the phase loop with a sharp ~180o domain switching and the amplitude loop 
with the shape of butterfly fully demonstrate the ferroelectric nature of the BFGO thin 
film in the nanoscale. The voltage offset of the amplitude butterfly loop is due to the 






Fig. 3.4 (a) OP and (b) IP[100], and (c) IP[010] phase images of the as-grown BFGO thin 
film, taken along [001]pc, [100]pc and [010]pc directions, respectively. Images of a, b 
and c were taken at the same position of the sample. (d) Distribution of four domains. 
The left panel in d shows that the scanning of IP phase images along different 







Fig. 3.5 (a) OP phase image after poling at three spots (purple areas), with -10 V tip 
bias applied for 9 seconds. The area indicated by the blue circle is poled with +10 V 
tip bias for 9 seconds; however, there are no phase changes. IP phase image taken (b) 
before and (c) after applying -10 V tip bias for 9 seconds. The inset in (c) shows the 
corresponding OP phase image. The switching of the IP polarization simultaneously 
with that of the OP polarization is clearly observed. Note that a grounded tip scanning 
was performed right after applying DC voltage. 
3.3.2 Experimental evidence of the structural stability 
It is known that the super-tetragonal BFO phase is largely metastable [28,106]. 
However, it is demonstrated that the super-tetragonal-like structure with twinning 
domains in BFGO thin films is considerably stable, both experimentally and 
theoretically. First, we increased the thickness of BFGO thin films to ~200 nm. 




film becomes stronger than that of the 100-nm film and the peak splitting is clearly 
observed, indicating that the super-tetragonal-like structure of BFGO with twinning 
domains is well retained. This thickness independent structural behavior of BFGO is 
essentially different from that of BFO, which shows a gradual relaxation from the 
super-tetragonal structure toward the rhomhohedral-like structure as film thickness 
increases [106,107,112]. Next, the 100-nm BFGO thin films were directly grown on 
top of the NCAO and SrTiO3 (STO) substrates, where the nominal epitaxial strains 
provided by those substrates were different (Note that the in-plane lattice constants of 
BFGO, LNO, NCAO, are 3.768, 3.839, 3.905, 3.685 Å, respectively). Nevertheless, 
by comparing results shown in Fig. 3.1(b), and Fig. 3.6(b) and (c), one can see that the 
super-tetragonal-like structure of BFGO is retained on the substrates with a wide 
range of in-plane lattice constants through the partial (or full) relaxation of epitaxial 
strain. 
 
Fig. 3.6 Reciprocal space mappings around the diffraction spots of NCAO (-1-18) and 
BFGO (-1-13) of (a) 200-nm BFGO film grown on the LNO-buffered NCAO 
substrate, and (b) 100-nm BFGO film directly grown on the NCAO substrate. (c) 
Reciprocal space mapping around the diffraction spot of BFGO (-1-13) of the 100-nm 






3.3.3 First-principles studies of structural stability and ferroelectricity 
First-principles calculations were then performed to investigate the most stable 
structure and corresponding ferroelectric polarization of BFGO. Both tetragonal and 
rhombohedral BFGO structures were built by using 2×2×2 BFO supercells with 50% 
Fe atoms replaced by Ga atoms. Note for computational simplicity, the ratio x of 
BiFe1-xGaxO3 was approximated to be 0.5, instead of 0.4 in the real compound. We 
considered all possible configurations of Fe/Ga atoms and magnetic orderings of Fe 
atoms (see Table 3.2). 
Table 3.2 Relative energies of all tetragonal and rhombohedral structures with 








(meV per f.u.) 
T- Fe (001) - FM 133.2 T- Fe (110) - AFM [-111] 49.7 
T- Fe (001) - AFM [010] 122.4 T- Fe (011) - FM 87.1 
T- Fe (001) - AFM [110] 0 T- Fe (011) - AFM [100] 76.8 
T- Fe (100) - FM 86.7 T- Fe (011) - AFM [01-1] 24.8 
T- Fe (100) - AFM [010] 77.9 T- Fe (011) - AFM [11-1] 20 
T- Fe (100) - AFM [001] 19.1 T- Fe (-111) - FM 74.8 
T- Fe (100) - AFM [011] 22.2 T- Fe (-111) - AFM [110] 60.3 
T- Fe (110) - FM 71.4 T- Fe (-111) - AFM [101] 727.5 
T- Fe (110) - AFM [-110] 68.1 R- Fe (-111) - FM 164.3 
T- Fe (110) - AFM [001] 49 R- Fe (-111) - AFM [110] 141.9 






Fig. 3.7 An example showing the naming rule of structures in Table 3.2. Here, FM 
denotes ferromagnetic, while AFM denotes antiferromagnetic. 
 
  From Table 3.2 one can find that the super-tetragonal structure with Fe-layers 
and Ga-layers alternating along the c-direction and with antiferromagnetic ordering 
along the [110]pc direction is the most stable structure. Because Ga tends to form 
highly distorted coordination polyhedron [108], the super-tetragonal structure where 
one apical Ga-O bond is strongly elongated is energetically favored for BFGO. By 
allowing the monoclinic tilt of the out-of-plane axis along the face diagonal direction, 
the energy of the BFGO system is further decreased by ~37 meV per formula unit, 
and the monoclinic Cm symmetry is obtained. The oxygen octahedra show in-phase 
tilts about a and b axes, and no tilts about c axis, i.e., a+a+c0 (see Fig. 3.8). The tilts of 
the oxygen octahedra are to accommodate the monoclinic lattice distortion and help to 
stabilize the BFGO system. Therefore by theory, we demonstrate that the 
monoclinic-tilted super-tetragonal structure is the most stable one for BFGO. Because 




[110]pc, [-110]pc, [1-10]pc and [-1-10]pc, one natural consequence is the formation of 
four twinning variants, which is consistent with our experimental observations. 
 
Fig. 3.8 Most stable BFGO structure with Cm symmetry viewed from different 
directions: (a) an arbitrary axis; (b) a axis; and (c) c axis. The small blue arrows in 
panel a indicate the spin directions of Fe atoms. The black arrow in panel b indicates 
the tilting direction of oxygen octahedra. 
  Then, the ferroelectric polarization of the most stable Cm structure was calculated 
by both Berry phase [99,100] and Born effective charge methods [113,114]. The 
overall polarization is calculated to be (21.2, 21.2, 145.5) µC/cm2 (the magnitude is 
~150 µC/cm2), by employing the Berry phase method. To further analyze the 
contribution from each ion, the Born effective charge method was used. As shown in 
Table 3.3, the in-plane polarization mainly comes from the Bi ion. Interestingly, the 
Ga ion is found to contribute much more towards the out-of-plane polarization, as 
compared with the other B-site ion — Fe. Therefore, the substitution of Fe by Ga is an 
effective way to enhance the ferroelectric polarization. 
Table 3.3 Individual contributions from Bi, Ga, and Fe ions toward polarization 










Bi 24.6 24.6 69.4 
Ga 2.6 2.6 63.9 
Fe-centered 
Bi 23.3 23.3 80.7 
Fe 3.1 3.1 47.4 
3.3.4 Macroscopic P-E hysteresis loop 
    It is difficult and challenging to quantify the large ferroelectric polarization 
predicted for the pure super-tetragonal-like phase at room temperature by the 
conventional P-E hysteresis measurement, due to the large coercive field and large 
leakage current at high electric field [29]. Although the giant ferroelectric polarization 
of the super-tetragonal-like phase has been experimentally measured in a few of 
previous studies, those experiments were however conducted either at low 
temperature [34] or for a mixture of tetragonal and rhombohedral phases [106,109]. 
Nevertheless, by using Au top electrodes with a small area of 60×60 μm2, we 
successfully reduced the influence of leakage current and obtained a macroscopic P-E 
hysteresis loop with a proper shape at room temperature, as shown in Fig. 3.9. By 
further deducting the leakage current, the intrinsic Pr is revealed to be close to ~150 
μC/cm2, which is consistent with our first-principles calculation. It should be 
highlighted that this is the first time to successfully measure the predicted giant 
polarization of pure super-tetragonal(-like) phase at room temperature by the 





Fig. 3.9 Macroscopic P-E (the black curve corresponds to raw data while the red 
curve corresponds to the P-E loop after subtracting leakage contribution) and 
corresponding current-field (I-E) hysteresis loops. A frequency of 10 kHz was used 
for the measurement. 
3.4  Summary 
A super-tetragonal-like structure with giant c/a ratio of ~1.25 and with twinning 
domains was developed in the BFGO epitaxial thin film grown on the NCAO (001)pc 
substrate with a LNO buffer layer. This unique structure was evidenced to be stable 
for the BFGO epitaxial thin films irrespective of film thickness and substrate induced 
strain, as confirmed by using multiple analytical techniques including HR-XRD, TEM, 
PFM and further supported by the first-principles calculation. In addition, PFM 
studies, first-principles calculation and macroscopic P-E hysteresis loop demonstrated 
the ferroelectric nature of BFGO and revealed a giant polarization of ~150 μC/cm2. 
Ga-substitution is therefore shown to be an effective pathway to stabilize the 
super-tetragonal structure and thus to achieve giant polarization in the BFO-based 




Chapter 4 STRUCTURAL INSTABILITY OF 
EPITAXIAL (001) BiFeO3 THIN FILMS UNDER TENSILE 
STRAIN 
4.1  Background 
The interplay between the structure and bonding of materials and their physical 
properties is at the core of condensed matter physics. Bonding sets the electronic 
structure of a material and both controls and depends on the crystal structure. While 
this affects all physical properties, the interplay of bonding with ferroelectricity and 
magnetism are particularly delicate and interesting. Ferroelectricity may be regarded 
as a polar lattice instability that arises because of poorly satisfied bonding, while 
magnetism and magnetic interactions depend strongly on bond lengths and bond 
angles, e.g., through hopping integrals that control superexchange. For this reason, 
strain engineering of oxide ferroelectrics and magnetoelectrics through epitaxial 
growth has been a particularly effective approach for realizing new properties 
[23,36,37,92,115-118].      
BiFeO3 (BFO) is a particularly interesting material from this point of view. It can 
be epitaxially grown on a variety of oxide substrates with an exceptionally large range 
of achievable strain, and this leads to a wide range of properties and structures. For 
example, the observed conversion of a rhombohedral ferroelectric ground state to a 
super-tetragonal ferroelectric with giant polarization implies large piezoelectric 




in BFO films is presumably a consequence of the interplay of the strong 
ferroelectricity driven by the lone pairs on Bi with the large octahedral tilts. BFO is of 
interest also for applications in data storage related to the large polarization, 
potentially magnetoelectrics (the material is antiferromagnetic but the magnetic 
interactions are strongly coupled to the structure), and in other areas 
[69,71,105,119,120]. Large realizable strain and its coupling to competing structural 
orders suggest complex behavior and raise the question of whether there are new 
states that are attainable but have not yet been identified. Here, we have explored 
BFO under tensile strain and find that the actual structures are more complex than 
what had been previously thought, and that there is a strong shear deformation type 
structural instability that modifies the properties from what had been supposed. 
   Bulk BFO exhibits a rhombohedral symmetry with space group R3c and lattice 
parameters of a = 3.96 Å and α = 89.4o [121]. The spontaneous polarization in bulk 
BFO is along a pseudocubic [111] direction and reaches a large value of 90 ~ 100 
μC/cm2 [41,122]. As mentioned, strained epitaxial BFO films can be grown on 
different substrates and this can stabilize different phases and enable tuning of the 
physical properties [23]. So far, most reported epitaxial BFO thin films have been 
grown on substrates with compressive strain [26,29,30]. Theoretical and experimental 
studies show that compressive strain induces successive Rhombohedral (R) - 
Monoclinic (MA) - Monoclinic (MC) - Tetragonal (T) phase transitions in BFO (001) 
thin films accompanied by changes in the magnitude and orientation of ferroelectric 




phase with giant c/a ratio ~ 1.26 and a very large polarization of ~ 150μC/cm2 [33,34] 
can be obtained at a very high level of compressive strain exceeding -4.5%. 
Experimentally, a high growth rate was shown to stabilize the tetragonal phase, even 
at lower strain levels, specifically when BFO is deposited on SrTiO3 substrates at a 
smaller compressive strain of approximately -1.5% [34,35]. Turning to tensile strain, 
it was reported that a modest tensile strain could lead to a monoclinic MB phase and a 
slight rotation of the polarization away from the [111] direction [25]. Dupe et al. [36] 
predicted that under a tensile strain of ~8%, BFO thin films would undergo a 
first-order phase transition from the monoclinic space group Cc to an orthorhombic 
Ima2 structure. Their work also indicated that tensile strain could affect the direction 
and magnitude of the magnetization and thus modify certain magnetoelectric 
coefficients. However, Yang et al. [37], based on epitaxial condition (a1, a2, a3) ~ (2, 2, 
2)aIP, (aIP is the inplane lattice constant), found that for tensile strains above 5%, a 
different Pmc21 phase is more stable than the Cc and Ima2 phases.   
   The initial motivation was that while both compressive strain and tensile strain 
have been investigated for epitaxial BFO thin films, the influence of shear 
deformation on BFO was not studied although the coupling of strain to physical 
properties suggests that new phenomena may be observed. Experimentally, it is 
difficult to study deformations (hereafter deformation means shear deformation) 
because of the limited choices of substrates. Nonetheless, when growing rhombic 
(001) BFO (in-plane angle 89.4o) on typical cubic or orthorhombic substrates 




and usually assumed to be zero [123]. It has been reported that deformations in 
ferroelectric BaTiO3 and PbTiO3 thin films can have an impact on the equilibrium 
phases, polarization and dielectric properties [125-127]. We find that under tensile 
strain, a deformation is spontaneously generated in the unconstrained (001) BFO thin 
films and it has a strong impact on the detailed structure and ferroelectric polarization. 
We also revisited the stability of phases Cc, Ima2 and Pmc21, focusing on the stability 
of this newly reported Pmc21 structure, and found quantitative differences from 
previous reports. 
4.2  Methods 
The influence of shear deformation on the epitaxial (001) BFO thin films is 
considered in this study. The periodic bulk cells are used and thus the calculations are 
performed to model strained bulk. Normally in experiments, this is imposed by 
epitaxial constraints on films. However, such films are thick enough so that they are 
generally viewed as bulk BFO with imposed strains. We conducted first-principles 
calculations with the generalized gradient approximation of Perdew, Burke and 
Ernzerhof (PBE-GGA) [111] as implemented in the software package VASP 
employing the projected augmented wave (PAW) method. A 5×5×5 Monkhorst-Pack 
k-mesh, and an energy cut-off of 500 eV were used. The Bi (5d106s26p3), Fe 
(3p63d64s2) and O (2s22p4) were chosen as valence states. This choice was based on 
testing in which we employed different functionals, both with and without an 




PBE functional with G-type magnetic ordering showed the best agreement with the 
experiment. All atomic positions were fully relaxed until the final Hellmann-Feynman 
forces were less than 1 meV/Å. The lattice constant c was fully relaxed for each 
strain. The ferroelectric polarization was calculated by using the Berry phase method 
[99,100]. A fully relaxed R3c structure with a0 = 3.90 Å and α = 89.36o (which is very 
slightly different from the experimental bulk R3c structure) was chosen as the 
reference structure having no deformation. The normal strain and deformation were 
defined as xx = yy = (a-a0)/a0 and xy = yx = tan = tan((90-)/2) (see Fig. 4.1), 
respectively. To study the effects of deformation, we employed a ten-atom unit cell 
with G-type antiferromagnetic order and lattice vectors a1 =(s+m, a+m, c), 
a2=(a+m, s+m, c), a3 =(a+s, a+s, 0). Variation of s resulted in a variation of 
deformation angle  via tan = s/a. For computational simplicity, only monoclinic 
phases MA and MB were considered with monoclinic angle  given by tan = 
c/(2m). We note that in this work, we only report the results based on the 
assumption of G-type antiferromagnetic order for BFO structure, whereas the weak 







Fig. 4.1 Schematic of the orientation of Cartesian coordinates and the constrained 
structure (dashed line) in relation to the pseudo-cubic structure (solid line). 
To investigate the impact of tensile strain on the energy band gap of (001) BFO 
thin films,  a different approach was used, specifically hybrid functional, PBE0 
[ 128 , 129 ] calculations as implemented in the WIEN2K software package 
(http://www.wien2k.at/), which implements a general potential linearized augmented 
plane wave (LAPW) method. PBE0 was used because this functional improves the 
band gap of BFO, and in this regard gives much better results than the PBE-GGA, 
which significantly underestimates the gap. In our calculations, muffin tin radii RMT 
of 2.3, 1.9, and 1.6 a.u were chosen for Bi, Fe, and O, respectively. Inside the atomic 
sphere, the partial waves were expanded up to lmax = 10. The number of plane waves 
was limited by a cut-off Kmax = 7.0/Rmin (Rmin is the minimum sphere radius RMT, i.e. 
1.6 a.u). The interstitial charge density is Fourier-expanded with Gmax = 16 Ry. A 
12×12×12 k-mesh in the full Brillouin zone was used. The Bi 5d and Fe 3p semi-core 
states were treated with the valence states using local orbital extensions. To obtain 
good results for the band gaps that can be directly compared with experiment, we 




with experimental reports [ 130 ,131 ]. It was found that good agreement with 
experiments could be obtained when an up shift of 0.42 eV was applied. Therefore we 
computed the band gaps using PBE0 plus a shift of 0.42 eV. This was simply a 
heuristic. It was used to obtain results for the band gaps that could be directly 
compared with the experiment. Presumably a similar result could be obtained by 
taking the amount of Hartree-Fock mixing as a parameter to fix the gap, as is 
sometimes done in hybrid functional calculations, but as mentioned, we simply used 
PBE0 and added a shift of 0.42 eV, which also involved adjustment of a single 
parameter. This was used to obtain the band gap variation with tensile strain and thus 
elucidate the effect of the deformation on the gap. 
4.3  Results and discussion 
4.3.1 Structural instability of (001) BiFeO3 thin films under tensile strain 
 
Fig. 4.2 Illustration for the formation of induce deformation under tensile strain at 
6.56% (i.e., a = 4.261Å). The most stable structure is with =87.2o. 
As mentioned above, experimental studies to date show only small deformation 




This very naturally leads to symmetry breaking, one possibility being deformation and 
another being strongly enhanced polar behavior. We studied the behavior of (001) 
BFO films under tensile strain with in-plane angle,  (Fig. 4.1), fully relaxed (we note 
here that the relaxed  corresponds to the most stable BFO structure under a specific 
tensile strain as depicted in Fig. 4.2 at a tensile strain of ~6.6%). The relationship 
between the tensile strain and this shear type deformation is plotted in Fig. 4.3(a). It 
shows the induction of a large deformation with a strong reduction of the in-plane 
angle  from 89.4o (at zero tensile strain) to 85.0o (at ~10% tensile strain) when the 
tensile strain is applied to (001) BFO thin films. Note that here we take the structure 
with in-plane angle 89.4o instead of 90o as the reference. Also note that changing the 
angle does change the area, a2sin , and is therefore not a pure shear deformation; the 











The induced deformation – tensile strain diagram, the numbers in the figure represents 
the in-plane angle  corresponding to the most stable structure under tensile strain as 
depicted in Fig. 4.2; (b)-(e) are the dependence of energy, monoclinic angle , AFD 
vectors and polarization on the tensile strain of (001) BiFeO3 thin film with and 
without induction of deformation, respectively. The inset figure in panel c represents 
the titling of monoclinic angle . In panel e, the direction of the AFD vector is 
characterized by the axis about which the octahedra tilt and the magnitude of the AFD 
vector is the tilt angle. The inset figure in panel f depicts the rotation of polarization 
vector from [111] direction (zero tensile strain) to [110] direction under the tensile 
strain. 
Fig. 4.3(b) shows the energy-tensile strain phase diagram with and without 
allowing the induced deformation. As it can be seen, the shear deformation helps to 
stabilize (001) BFO thin films under large tensile strain (> 2%) by providing a 
relaxation mechanism that lowers the energy. At low tensile strain (< 2%), the 
induced deformation is small and can be neglected. We note that the occurrence of 
this deformation may be related to the difficulty encountered in growing (001) BFO 
thin films on cubic or tetragonal substrates involving high tensile strain, such as MgO 
with 6.4% lattice mismatch [132,133]. As shown in Fig. 4.3(b), at high levels of 
tensile strain, free BFO exhibits a deformation of the in-plane angle  that stabilizes 
the system. However, in epitaxy, the substrate constrains the in-plane angle  to 90o. 
Therefore, the constraint imposed by the substrate is energetically disfavored and thus 
works against the formation of (001) BFO thin films on cubic or tetragonal substrates 
with high tensile strain. By this we mean that the constraint that prevents deformation 
is unfavorable and that the growth would be more favorable under conditions that 
allow the deformation. In any growth, there are three main possibilities: (1) a 
metastable phase is nucleated, in which case strain will be relaxed by dislocations and 




formed that can be grown up to some maximum thickness, or (3) the phase is unstable 
and is not readily stabilized by epitaxy at all. In the last instance, it can be that a 
different phase grows, i.e., not the predicted (in this case, orthorhombic) phase, or that 
growth attempts lead to poorly crystalized, amorphous or phase separated films. Thus 
in the tensile regime, epitaxy not only constrains the two in-plane lattice parameters, 
which would prefer a different length, but also constrains the angle between them, 
further disfavoring growth.  
The shear deformation not only stabilizes the (001) BFO films under tensile strain, 
but also modifies several structural behavior which will be discussed as follows. 
Without deformation, the Cc to Ima2 transition occurs at a tensile strain of 8% as 
reported by Refs. [36,37]. The occurrence of deformation shifts the Cc to Ima2 phase 
transition to a lower tensile strain at 7% (see Fig. 4.3(b)). In the strain range of 7% ~ 
8%, the oxygen octahedra slightly tilt away from each other along the z-axis in the 
deformation-free structures so that the Cc symmetry is retained. However, with 
deformation, the oxygen octahedra are not tilted and the structure exhibits Ima2 
symmetry. The dependence of monoclinic angle  (with and without deformation) on 
tensile strain is shown in Fig. 4.3(c), with the monoclinic angle β reaching 90o at a 
lower tensile strain due to the occurrence of deformation. This suggests that under 
applied tensile strain, the deformation helps prevent the monoclinic tilt of the 
out-of-plane lattice vector c. Fig. 4.3(d) gives the dependence of the 
antiferrodistortive (AFD, octahedral tilt/rotation) vectors on the tensile strain. As 




deformation. Since the antiferromagnetic (AFM) ordering and magnetization are 
strongly coupled with oxygen octahedra tilt [48], one might infer that the 
strain-induced shear deformation will also affect the magnetism to a certain extent. It 
will be of interest to study this possibility in future experiments and also detailed 
calculations including spin-orbit coupling and non-collinear spins. 
With the understanding that a shear deformation can be induced by the 
application of a tensile strain to BFO thin films, the next interesting question is how 
this affects the ferroelectric polarization. To address this, we calculated the 
polarization using the Berry phase method. As shown in Fig. 4.3(e), under an 
appropriate tensile strain the polarization vector rotates from [111] direction to the 
in-plane [110] direction which is consistent with prior reports [36,37]. The induced 
deformation has a strong impact only at a high tensile strains greater than 4%, where 
the polarization in the [110] direction is enhanced, while the out of plane component 
is reduced. This behavior has also been found in other ferroelectric thin films such as 
BaTiO3 and PbTiO3 [127]. With the induced deformation, the polarization in the [110] 
direction can reach a value of 140μC/cm2 (P[110] ~ 2  P[100]). 
4.3.2 Influence of tensile strain on the energy band gap of (001) BiFeO3 
    The influence of compressive strain on electronic structures and optical 
properties of BFO thin films has been experimentally studied, although contradictory 
results have been reported. The band gap of BFO was reported to be insensitive to 




investigated the impact of tensile strain on the energy band gap of (001) BFO thin 
films. The dependence of energy band gap on tensile strain is shown in Fig. 4.4, 
where one can see that the induced shear deformation leads to a strong increase in the 
energy gap. Thus, with the shear deformation is allowed, there is an increase in the 
energy gap under tensile strain. The origin of this band gap increase is readily 
understood. BFO is a largely ionic crystal. In such materials, lattice distortions are 
driven by optimization of the ionic bonding as well as covalency effects, such as the 
lone pair chemistry of Bi, i.e. the hybridization between nominally unoccupied Bi 6p 
orbitals and the 2p orbitals on neigboring O atoms. Both of these effects favor 
structures with higher band gaps. Specifically, the conduction bands in BFO have 
cation character, and therefore are pushed to higher energy when the positively 
charged cations adopt favorable positions from an electrostatic point of view. 
Moreover they have anti-bonding character with O and are also pushed up in energy 
by increased hybridization. Therefore, while in general there may be competing 
effects in perovskites, such as band width changes, it is not surprising that a symmetry 
lowering distortion that lowers the energy and also increases the band gap in BFO. On 
the other hand, if shear deformation is not allowed, the energy band gap initially 
increases with tension and then starts to decrease when the tensile strain is larger than 
4.8%. This decrease reflects the strong instability of BFO thin films under high tensile 





Fig. 4.4 Dependence of energy band gap on the tensile strain with deformation (blue 
squares) and without deformation induced (red circles). 
4.3.3 Stability of Pmc21 phase of (001) BiFeO3 thin film under tensile strain. 
We now turn to the phases that occur under tensile strain. It was recently 
reported that a phase Pmc21 becomes more stable than Cc and Ima2 at misfit strain > 
5% [37]. The first question is whether the stability of the Pmc21 phase will overcome 
the shear deformation in stablizing (001) BFO thin films at high tensile strain. To 
address this we studied the stability of Pmc21 phase using the PBE-GGA method and 
also did calculations with the methods reported in Refs. [36,37], with the epitaxial 
condition a1 = 2aIPx, a2 = 2aIPy and a3 = aIP (1x + 2y + (2+3)z). Depending on the 
tilt of FeO6 octahedra along the [001]pc axis, there are three structural models for 
describing the Pmc21 phase: the first model, case (i), has one anti-phase tilt of FeO6 
octahedra along the pseudocubic [001]pc direction, cpc
- (see Fig. 4.5). The second 
model, case (ii), has the same structure as NaNbO3
 [136-138] with one in-phase tilt of 
the FeO6 octahedra along the pseudocubic [001]pc direction, cpc
+ (see Fig. 4.6). This 
model has been previously applied to (001) epitaxial BFO thin films [37]. The third 




a-axis (along the [001]pc axis) having two in-phase tilts and two anti-phase tilts along 
the [001]pc axis, i.e., cpc
+ and cpc
- (see Fig. 4.7). 
 
Fig. 4.5 Projection of the Pmc21 structure, case (i), onto (001)pc plane. The anti-phase 
cpc
- tilts can be seen from the rotation of the Fet-O1t bond relative to the Feb-O1b bond. 
Both Bi and Fe atoms move towards to positive [010]pc and negative [010]pc directions, 
respectively (solid arrows show the movement of atoms in the top layer, while dotted 
arrows show the movement of atoms in the bottom layer). The oxygen octahedral has 
two long bonds, Fe-O2, ~ 2.3 Å, and four short bonds, Fe-O1, 1.9~2.0 Å. The 
sequences of the arrangement of long and short Fe-O bonds along [010]pc direction are 






Fig. 4.6 Projection of the Pmc21 structure, case (ii), onto the (001)pc plane. Only 
in-phase cpc
+ tilt of oxygen octahedra is observed. The dotted line square shows a 
checkerboard pattern of the displacements of Bi and Fe atoms along [100]pc or [010]pc 
direction. There is only one type of oxygen octahedral, which is highly similar to the 
one found in giant tetragonal BFO phase. The structure has one long Fe-O bond 
(Fe-O2 ~ 2.9 Å), one short Fe-O bond (Fe-O1 < 1.9 Å) and four equatorial Fe-O bonds 





Fig. 4.7 Projection of the Pmc21 structure, case (iii), on the (001)pc plane. A sequence 
of the in-phase cpc
+ tilt and the anti-phase cpc
- tilt is formed along the cpc direction. The 
dotted line square show the checkerboard pattern of the displacements of Bi and Fe 
atoms along [100]pc or [010]pc direction. There are two types of oxygen octahedral, 
one is located at the top (or bottom) layer having a long Fe-O bond (Fet-O2t bond) 
with the length of ~2.9 Å, the other is at two middle layers having even larger bond 
length (Fem-O2m bond) of 3.3 Å. 
 




deformation. There are three models to describe the Pmc21 symmetry of (001) BFO 
thin film (see main text): case (i) anti-phase tilt cp-; case (ii) in-phase tilt cp+, NaNbO3 
model; and case (iii) a hybrid cp-/cp+ tilt, AgNbO3 model. Case (ii) exhibits the lowest 
energy among all Pmc21 structures. The induction of deformation, the pink triangle 
line, stabilizes the epitaxial (001) BFO thin film under tensile strain. The induced 
shear strain helps to further stabilize the Pmc21 phase, the cyan diamond line, but it is 
unstable phase in comparison to Cc/Ima2 phases. 
The energy-misfit strain phase diagram, Fig. 4.8, shows that the in-phase tilt 
model, case (ii), results in the lowest energy for Pmc21 BFO thin films. However, the 
transition between Cc-Pmc21 takes place not at 5% as reported by Ref. [37] but at 
substantially larger different misfit strains, ~7.4% (see Fig. 4.8), the cross between the 
red line and blue line). We did tests to understand the origin of this difference from 
Ref. [37] and found the origin was in the frozen core approximation. Specifically, we 
treated the Fe 3p semicore state as a valence state, while in Ref. [37] the Fe 3p state 
was treated as a core state, thereby imposing a frozen core approximation on it. We 
reproduced the results reported there when we used the same treatment with and 
without frozen core approximation (see details in Ref. [140]). The results show a 
significant difference between these two approximations. In any case, we compare the 
stabilities of the Cc, Ima2, and Pmc21 phases (with and without shear deformation) 
using the PBE-GGA. As shown in Fig. 4.8, the Cc/Ima2 (at misfit strain >7%) phase 
with induced deformation is still the most stable phase under tensile strain. The 
induced shear strain helps to further stabilize the Pmc21 phase but the effect is minor 






4.4  Summary 
We studied epitaxially strained (001) BFO thin films under tensile strain using 
first-principles calculations. Interestingly, (001) BFO thin films spontaneously deform 
under tensile strain. This shear deformation can stabilize the samples if the contraints 
do not prevent it. Our results suggest one reason for the difficulty in growing BFO 
under large tensile strain, specifically the inhibition of deformation by substrate 
clamping. That is, the normal conditions for growth involve clamping of two in-plane 
lattice constants and the angle between them, all of which prefer different values in 
this case. It will be of interest to investigate growth on miscut substrates compatible 
with the shear deformation both to access the physical properties of the deformed 
phases and also to investigate the effect on the growth conditions. We have studied 
the stability of Pmc21 phases including consideration of different possible tilt patterns. 
The presence of the deformation makes the Cc/Ima2 phases more stable than all the 
Pmc21 phases. Moreover, we have studied the effects of the induced deformation on 
the phase transitions, monoclinic tilt, oxygen octahedra tilt, polarization and band gap 
of BFO thin films. The deformation shifts the Cc to Ima2 phase transition towards a 
lower tensile strain (~ 1% less). It improves the polarization in the [110] direction, 
and reduces the polarization in the [001] direction. It also strongly affects the 
electronic structures of BFO, especially at high tensile strain (>2%).  
BFO is a remarkably versatile oxide in which its properties can be tuned by 
strain over an exceptionally large range. This is due to the interplay of different 




various patterns of octahedra tilt and ferroelectric distortions. Changing balances 
between these structural distortions accommodates exceptionally large strains that are 
coupled to physical properties. The present work points to substantial deformation as 






















Chapter 5 UNIAXIAL STRAIN INDUCED 
FERROELECTRIC PHASE WITH GIANT AXIAL RATIO 
IN (110) BiFeO3 THIN FILMS 
This chapter focuses on the computational part of the work [141], while the 
experimental work will be briefly described. I am the researcher who led the 
computational part. 
5.1  Background 
In complex transitional metal oxides, the interplay between lattice, charge, spin 
and orbital degrees of freedom, leads to the strong coupling of physical properties to 
structure distortions and strain states of epitaxial thin films [142]. Substrate misfit 
strain is thus often employed to tune the crystal structures and therefore the physical 
properties of epitaxial thin films, which is known as strain engineering [92]. It has 
been reported that epitaxial strain doubles superconducting transition temperature of 
La2-xSrxCuO4 [115,143], greatly enhances ferroelectric polarization of BaTiO3 [116] 
and creates multiferroic behavior in EuTiO3 thin films [117].   
Most of the previous studies of strain engineering, however, were focused only 
on the perovskite films grown on substrates with (001) pseudocubic orientation, 
where the biaxial strain was applied as a result of isotropic nature of in-plane [100]pc 
and [010]pc directions (Fig. 5.1(a)). The strain conditions in other crystallographic 




produce new crystal phases and novel functionalities that are not realizable in the (001) 
orientation. Take (110) orientation for example, the strain is anisotropic due to the 
different atomic arrangements and lattice dimensions along in-plane [001]pc and 
[-110]pc directions (Fig. 5.1(b)). This leads to unique and interesting effect of strain on 
the physical behavior of (110)-oriented films. For example, charge and orbital order is 
stabilized only in (110)-oriented Nd1-xSrxMnO3 film but cannot be realized in (001) 
and (111) films [144].  Another example is controlling the in-plane magnetic 
anisotropy by (110)-oriented substrates in epitaxial perovskite manganites films [145]. 
In addition, anisotropic Josephson junctions has been developed in (110)-oriented 
superconductor thin films [146].  
 
Fig. 5.1 Schematic atomic structure model for epitaxial growth of perovskite ABO3 
structure in (001) (a) and (110) (b) orientation. The lattice dimension of bulk BFO is 
shown. 
BiFeO3 (BFO) is a multiferroic material, showing a coexistence of 
antiferromagnetism and ferroelectricicity at room temperature [62]. The effect of 
biaxial strain on the crystal phase and physical properties of (001)-orientated BFO 
epitaxial thin films has been the extensively studied both theoretically and 
experimentally in recent years [26-33]. Although tremendous work has been done in 




films in other orientations [147,148] and no systematic strain effect has been 
experimentally studied in (110) orientation.  
Recently, Prosandeev et al. [39] predicted that for (110) BFO films which were 
under compressive strain larger than 1.6%, the polarization vanished and two 
orthorhombic Pnma and P212121 phases successively emerged via strain-induced 
transitions. However, their simulation was based on the assumption of in-plane biaxial 
constrain of BFO thin films, which may not be applicable to the (110) plane. This is 
because, as described above, the (001) plane is isotropic while the (110) plane is 
apparently anisotropic.  
To achieve new emergent phases and physical properties, and to verify previous 
predictions, we conduct a systematic study on the strain effect on BFO (110) films by 
using a combination of experimental and computational methods. We experimentally 
demonstrate that uniaxial strain rather than biaxial strain is working in compressive 
strained BFO (110) films, and a compressive strain of ~4.5% induces a BFO phase 
with a giant axial ratio c/a, a small monoclinic tilt, a large twin angle, and stripe 
domain structures. Our first principles calculations, based on the uniaxial strain 
condition, show that the monoclinic space group Pm is the lowest-energy phase for 
BFO film under compressive strains from -6% to -2.5%, which agrees well with the 
monoclinic BFO phase determined experimentally. The ferroelectricity is also 
demonstrated theoretically by the Berry phase method. The following sections will 





5.2  Methods 
First-principles calculations were performed using the Vienna ab initio simulation 
package (VASP) within the generalized gradient approximation in the form proposed 
by Perdew, Burke, and Ernzerhof (GGA-PBE) [111]. We used the projected 
augmented wave method with a plane-wave cutoff of 500eV and a 3×3×3 k-point 
mesh in the whole Brillouin zone. The Bi (5d106s26p3), Fe (3p63d64s2) and O (2s22p4) 
were chosen as valence states. The structures were fully relaxed till the 
Hellmann-Feynman forces were less than 2 meV/Å. The electronic polarization was 
calculated using the Berry phase method [99,100]. The total energies of different 
phases were benchmarked with the rhombohedral R3c with lattice constants: a = b = 
c = 4.0 Å. 
In order to mimic a perfect epitaxy on a (110) plane of LAO substrate following 
the description by our experiment, the lattice vectors were given by a1 = 2a(0,1+1,0), 
a2 = a(-1+2,0,1+3), a3 = a(1+2,0,1+3) in the new Cartesian (x, y, z) with x, y, and z 
along [001]pc, [100]pc and [010]pc directions, respectively. Here a is the lattice constant 
of the substrate. The a1, a2 and a3 lattice vectors are along the [100]pc, [01-1]pc and 
[011]pc directions, respectively. The uniaxial strain was assumed along the [001]pc 
direction as suggested by our experiment. A G-type antiferromagnetic order was 
imposed in this 20-atom unit cell constructed by a1, a2 and a3. The misfit strain, mis, 
was defined as mis = (a - a0)/a0, with a0 = 3.96 Å for bulk BFO. In order to compare 
with a previous report [39], the Pnma phase was also calculated with biaxial strain 




= a(2,0,0), a2 = a(0,2,0), a3 = a(0,0,2+4) in the Cartesian (x’, y’, z’) with x’, y’, and 
z’ along [-110]pc, [001]pc and [110]pc directions, respectively. 
5.3  Results and discussion 
In collaboration with Dr. Liu Huajun, I have studied BFO films grown on 
(110)-oriented LAO substrates (-4.5% compressive strain), where I have done the 
computational part, while Dr. Liu has conducted the experimental part. In this chapter, 
only the computational part of the study is described in detail. The experimental 
results of BFO films grown on (110)-oriented LAO substrates are briefly summarized 
as follows (please see Ref. [141] for details). High-resolution X-ray diffraction 
reciprocal space mappings (XRD-RSMs) show that the lattice dimension of BFO is 
quite close to that of LAO along [001] direction while it is much larger than that of 
LAO along [-110] direction, indicating that the BFO (110) film is fully strained in one 
of the two in-plain directions while relaxes in the other direction (i.e. uniaxial strain). 
A large splitting of the BFO peak along the [110] direction is observed in the (-102) 
RSM, suggesting that twinning structures with the twinning angle as large as 26o are 
formed. Based on the RSM data, the lattice parameters (after redefining the lattice) of 
each BFO twin are calculated as am = 3.790 Å, bm = 3.731 Å, bm = 4.684 Å, α = γ = 
90o, and β = 90.37o (see Fig. 5.2). In addition, both intensity modulation peaks in 
RSM and piezoresponse force microscopy (PFM) reveal that the stripe ferroelectric 





Fig. 5.2 Schematic of the unit cell (red line) of BFO grown on the LAO (110) 
substrate. 
Now we focus on the calculation results. Depending on the values of 1, 2 and 
3 (see the definitions in the Section 5.2), four different phases has been obtained: 
monoclinic Pm, Cc, orthorhombic Pmm2, and tetragonal P4mm. Previous report on 
epitaxial (-110) BFO thin film showed that the Pnma phase, which is centrosymmetric 
and paraelectric, was the most stable phase in the misfit strain range of ~ -8% to -1.6% 
[39]. However, it should be noted that the biaxial strain state was assumed in the 
previous calculation, which was inconsistent with the uniaxial strain state observed in 
our experiment. To clarify this issue, we built the Pnma phase model based on the 
biaxial constrain as described above. Different from that report, we find that the Pnma 
phase is not a stable phase in the studied compressive strain range for epitaxial (110) 
BFO thin film (Fig. 5.3(a)). Instead, monoclinic phases Pm and Cc are the most stable 




phase is observed in the misfit strain from -2.5% to 0%, which agrees with the 
previous experimental results of MB phase for BFO film grown on STO (110) 
substrate at a misfit strain of ~ -1.5% [147]. In the misfit strain from -6% to -2.5%, 
the monoclinic Pm phase is observed, which is in good agreement with the 
monoclinic phase revealed by our XRD data (am = 3.790 Å, bm = 3.731 Å, cm = 4.684 
Å, α = γ = 90 o, and β = 90.37o) [141]. We notice that the energy differences between 
Pm, Pmm2 and P4mm tend to be very small when the compressive misfit strain 
increases beyond -6%. This explains why the lattice parameters of our film are only 
slightly distorted from orthorhombic lattice or tetragonal lattice. Fig. 5.3(b) shows the 
calculated ferroelectric polarization as a function of misfit strain. For the Cc phase, 
the polarization is close to the [111]pc direction, leading to the polarization projection 
along all a, b and c axes. For the Pm phase, as the compressive strain increases, the 
polarization along the c axis, Pc, tends to increase and approaches to ~120 μC/cm2 and 
the polarization along a axis, Pa, tends to decrease and approaches to ~50 μC/cm2 
while the polarization along b axis, Pb, diminishes at  < -3%. This is consistent with 
the experimental polarization direction, which is determined to be within the aoc 






Fig. 5.3 (a) Total energy as a function of misfit strain of five different space groups:  
Pmm2, Pm, P4mm, Pnma and Cc in (110) orientation. (b) Predicted polarization as a 
function of misfit stain. Pa, Pb and Pc are along am, bm and cm directions, respectively. 
    Although the monoclinic phase identified here shares the same space group Pm 
with the highly strained tetragonal-like BFO film in the (001) orientation, it has a 
unique crystal structure and promising physical behavior that is not available in the 
(001) orientation. For example, due to the large twinning angle of ∼26o, the 
monoclinic c axis forms an angle of ∼39o with the in-plane direction, which would 
result in a polarization projection of ∼90 μC/cm2 based on the polarization value from 
our first-principles calculations. This in-plane polarization for the BFO film is much 
larger than the (001) orientated films. The unique ferroelectric domain configuration 
here is different from previously observed 71o and 109o domains in the (001) 
orientation, which may find interesting applications in domain wall nanoelectronics. 
5.4  Summary 
Uniaxial strain instead of biaxial strain working in (110) BFO thin films is 
experimentally observed. The BFO film grown on the LAO (110) substrate (-4.5% 




~0.37°, a large twin angle of ~26°, and stripe ferroelectric domain structures. Our 
first-principles calculations show a phase-strain diagram for (110) BFO films, and 
demonstrate that the uniaxial strained monoclinic phase Pm is the most stable one in 
the strain range from -2.5% to -6%. The ferroelectric polarization is also probed by 














Chapter 6 ENHANCED PHOTOVOLTAIC EFFECTS 
AND SWITCHABLE CONDUCTION BEHAVIOR IN 
BiFe0.6Sc0.4O3 THIN FILMS 
6.1  Background 
    The photovoltaic effect, a process in which incident light is converted to 
electricity, is realized through the separation of photoexcited electron-hole pairs. The 
charge separation can be induced by several mechanisms, such as the internal field 
built in the p-n junction as in conventional silicon-based solar cells, and in the p-i-n 
the heterojunction of inorganic-organic perovskite solar cells recently developed 
[149,150]. An alternative mechanism existing in ferroelectric materials relies on the 
absence of an inversion center of symmetry, which is known as the bulk photovoltaic 
effect (BPVE) [151]. BPVE is an intriguing phenomenon because it could result in an 
open-circuit voltage (Voc) above the band gap [73], and a short circuit photocurrent 
(Isc) depending on the direction and magnitude of ferroelectric polarization [84]. 
These unique features make ferroelectric thin films potential useful in photo detectors 
[152], photo-driven actuators [153] and non-destructive readout memory devices 
[154]. However, the energy conversion efficiency reported so far for BPVE is 
typically very low because only a tiny photocurrent can be generated, which makes 
ferroelectric thin films uncompetitive for solar cell applications.   
To achieve a high photovoltaic efficiency, small-band-gap ferroelectrics with 




multiferroic oxide BiFeO3 (BFO) exhibits a small band gap of ~2.74 eV [130] and a 
robust remnant polarization of ~90 μC/cm2 along pseudocubic [111] direction 
[41,122], the combination of which makes BFO a promising candidate material for 
photovoltaic effects. Indeed, a remarkable visible-light photovoltaic effect and 
switchable diode-like rectification behavior have been observed in BFO single 
crystals [69]. Our previous study demonstrated that BFO epitaxial thin films could 
exhibit a significant photovoltaic effect with Voc near 0.3 V and both Voc and Isc are 
also switchable in response to the switching of ferroelectric polarization [71]. The 
energy band alignment in the indium tin oxide (ITO)/BFO/SrRuO3 (SRO) 
heterostructure is schematically shown to be two back-to-back Schottky diodes with 
similar barrier heights (see Fig. 6.1(a)), and thus a negligible switchable diode-like 
effect is expected. Strategies to further improve the photovoltaic performance of 
BFO-based thin films can therefore lie in: (i) modifying the bulk properties of BFO 
films, such as ferroelectricity, band gap, and conductivity; and (ii) engineering the 
Schottky barrier heights to achieve a constructive photovoltaic effect, i.e., 
incorporating the interfacial photovoltaic effect in addition to BPVE [155]. For 
strategy (i), it is noted that both narrowing the band gap and enhancing the 
conductivity will inevitably deteriorate the ferroelectricity due to the leakage current, 
and then the switchability of Voc will be suppressed. Therefore, a tradeoff between 
ferroelectricity and leakage is of great importance. For strategy (ii), a modulation in 
Schottky barrier height could be realized by selecting electrodes with different work 




determine the mismatch between the conduction band edge and Fermi level [156]. 
Through strategy (ii), a desired asymmetric metal-ferroelectric-metal (MFM) 
capacitor structure would consist of one Schottky contact and one Ohmic contact, as 
illustrated in Fig. 6.1(b), and the build-in field at the Schottky barrier is in the same 
direction with the bulk depolarization field for a constructive photovoltaic effect.  
 
Fig. 6.1 Schematic energy band diagrams for: (a) the ITO/BFO/SRO heterostructure; 
and (b) an ideal MFM heterostructure for photovoltaic effects. Here, P, Eg, EF, Edp, Ebi, 
F, and M denote polarization, band gap, Fermi level, depolarization field, built-in field, 
ferroelectrics and metallic electrodes, respectively. 
In the present work, the two strategies stated above are implemented by 
developing scandium-substituted BFO solid solution thin films, sandwiched between 
LaNiO3 (LNO) and ITO electrodes [157]. The ITO/BiFe0.6Sc0.4O3 (BFSO)/LNO 
capacitor structure is shown to exhibit a large Voc up to 0.6 V and an efficiency of 5 
times greater than that of ITO/BFO/SRO under the same illumination condition. We 
have also investigated the origins of the photovoltaic performance enhancement in 
BFSO thin films, which are due to the improved bulk conductivity and the 
constructive contribution from interfacial photovoltaic effect. In addition, we 
observed that BFSO thin films showed a significantly switchable Schottky-to-Ohmic 
contact at the BFSO/LNO interface with Schottky barrier height modulated by 




Our studies in the present work therefore provide the strategies to improve the 
photo-electricity conversion efficiency of ferroelectric thin film capacitors, and also 
open up the broad field of BFO-based solid solutions for photovoltaic and memory 
applications. 
6.2  Experimental and computational methods 
Epitaxial BFSO thin films with different thicknesses of 60, 120, 200, and 300 nm 
were deposited on the 30-nm-thick LNO layer buffered (001)pc NdCaAlO4 (NCAO) 
substrates by using radio frequency (RF) sputtering. The temperature and gas pressure 
for deposition of the LNO buffer layer were controlled at 620 oC and 70 mtorr (Ar:O2 
= 6:5), respectively. BFSO thin films were subsequently deposited at 640 oC, while 
the gas pressure was kept at 10 mtorr (Ar: O2 = 2: 1) during the deposition. ITO top 
electrode of ~200 μm in diameter was then deposited by RF sputtering at room 
temperature to form the capacitor structure of ITO/BFSO/LNO.  
The detailed descriptions of characterization methods including HR-XRD, PFM 
and ferroelectric P-E hysteresis measurements, can be found in Section 3.2. In 
photovoltaic measurements, a xenon light source (Hamamatsu LC8 with L8253 
super-quiet xenon lamp) with deep-blue filter (BP435) was used. The incident light 
had a wavelength of 435 nm and the illumination intensity was detected to be 22.3 
mW/cm2. Current density-voltage (J-V) characteristics were measured with an 
electrometer (Keithley 6517A). Electrical poling was conducted by applying a pulse 




saturated polarization-electric field (P-E) loops. UV spectrophotometer (UV-1800, 
Shimadzu) was used to measure the transmittance spectra, from which the absorbance 
was derived.  
The first principles calculations were performed to study the electronic structure 
by using the PBE-GGA as implemented in the Vienna Ab initio Simulation Package 
(VASP), which employs the Projected Augmented Wave (PAW) method. The initial 
structure of BFSO was based on our XRD data and the structure optimization was 
conducted by considering all possible configurations of Fe/Sc atoms and magnetic 
orderings of Fe atoms. The densities of states (DOSs) were calculated for the most 
stable BFSO structure and a Hubbard parameter U = 5 eV was used. 
6.3  Results and discussion 
6.3.1 Structure characterization of BFSO thin films 
HR-XRD θ-2θ scan (see Fig. 6.2(a)) demonstrates the high-quality epitaxy in 
(001) orientation of all film samples. The detailed structural parameters of BFSO are 
revealed by reciprocal space mappings (RSMs; See Fig. 6.3-6.5 and Table 6.1). As 
shown in Fig. 6.3 and 6.4, there are almost no splits of (003) and (-103) peaks of 
BFSO thin films, suggesting that the lattice angles of BFSO are quite close to 90o. 
BFSO (-1-13) peak splits into two. However, the split is not significant (see Fig. 6.5), 
demonstrating a monoclinic tilt of only ~0.6o along the face diagonal direction of the 
pseudocubic structure (i.e., [110]pc). By approximating the lattice angles α, β, and γ to 




overall axial ratio c/a is about 1.02. In conclusion, BFSO thin films exhibit a 
tetragonal-like structure with a very small monoclinic tilt angle of ~0.6o and a slightly 
elongated out-of-plane lattice constant (c/a ~ 1.02). 
 
Fig. 6.2  (a) HR-XRD θ-2θ scan of BFSO thin films with different thicknesses of 60, 
120, 200, 300 nm. The out-of-plane (OP) PFM phase images of BFSO thin films with 
different thicknesses of: (b) 60 nm, (c) 120 nm, (d) 200 nm, and (e) 300 nm. (f) The 
in-plane (IP) PFM phase image of the 200-nm BFSO thin film. (g) A schematic 






Fig. 6.3 Reciprocal space mappings around the diffraction spot (003) of BFSO thin 





Fig. 6.4 Reciprocal space mappings around the diffraction spot (-103) of BFSO thin 
films with different thicknesses of:  (a) 60, (b) 120, (c) 200, and (d) 300 nm. Here, 





Fig. 6.5 Reciprocal space mappings around the diffraction spot (-1-13) of BFSO thin 
films with different thicknesses of (a) 60, (b) 120, (c) 200, and (d) 300 nm. Here, 
(-1-19) indicates the diffraction spot of NCAO substrates. However, it is not shown in 
the mapping due to extinction. 
Table 6.1 Lattice constants a, b and c (in pseudocubic unit cell) of BFSO thin films 
with different thicknesses. 
Thickness (nm) a b c 
60 3.966 3.966 4.066 
120 3.971 3.971 4.050 
200 3.957 3.957 4.041 
300 3.949 3.949 4.023 
 
Piezoresponse force microscopy (PFM) was used to reveal the polarization 




in-plane (Fig. 6.2 (f)) phase images show distinct 180o domain contrast. Combining 
XRD and PFM results, one can deduce that the most possible domain structures of the 
as-grown BFSO thin films could be constructed by eight polarization variants, as 
shown in Fig. 6.2(g). 
6.3.2 Photovoltaic and dark J-V characteristics of ITO/BFSO/LNO 
heterostructures 
Fig. 6.6(a)-(d) show the results of photovoltaic J-V measurements on 
ITO/BFSO/LNO heterostructures with different BFSO film thicknesses. The direction 
of poling is termed positive if a positive bias is applied to the top electrode while the 
bottom is grounded. We also define that the current which flows out of the top 
electrode to the bottom electrode has the positive sign. As can be seen from Fig. 6.6(a), 
the photocurrent generated in the 60-nm BFSO film is quite large. However, poling is 
not successful in this film since the film of 60 nm in thickness is quite leaky (see Fig. 
6.7(a)) and always suffers a dielectric breakdown after poling. Fig. 6.6(b)-(d) show 
the well separated J-V curves of the as-grown, negatively poled and positively poled 
BFSO films with the thicknesses of 120, 200 and 300 nm, respectively. Interestingly, 
as film thickness increases, the J-V curve after positive poling gradually shifts from 
above the origin to below the origin, and the separation between J-V curves of the 
as-grown, negatively poled and positively poled samples becomes increasingly 
distinct. This suggests that the degree of switching of photovoltaic J-V curves of 
BFSO films is closely correlated with the film thickness. Moreover, Fig. 6.6(b)-(d) 




negative poling are remarkably different in the 200- and 300-nm films, while almost 
the same in the 120-nm film. This indicates that both the 200- and 300-nm films 
exhibit high- and low-resistance bistable states after poling in the two different 
directions, while the 120-nm film does not. The different resistance behavior is further 
confirmed by the dark J-V characteristics of the 120-, 200- and 300-nm films in 
different polarization states (Fig. 6.7(b)-(d)), which are measured in the same voltage 
window as photovoltaic measurements. 
 
Fig. 6.6 Photovoltaic J-V measurements of: (a) 60-nm; (b) 120-nm; (c) 200-nm; (d) 





Fig. 6.7 Dark J-V measurements of: (a) 60-nm; (b) 120-nm; (c) 200-nm; (d) 300-nm 
BFSO films in the same voltage window as photovoltaic measurements. In (c) and (d), 
HRS and LRS denote high- and low-resistance states, respectively. “after cycling” 
denotes that J-V curves were measured after 50 cycles of polarization switching. 
    The photovoltaic performance of BFSO is compared with that of BFO films 
with the same thickness of ~200 nm and the same ITO top electrodes under the same 
illumination condition. As presented in Fig. 6.8, the BFO films are self-polarized [71] 
such that the negatively poled films exhibited the similar behavior to the as-grown 
films. In contrast, after negative poling, BFSO films exhibit a large Voc (0.6 V) and a 
5-fold enhancement in efficiency as compared with BFO films (the efficiencies of 
BFSO and BFO films are 0.019% and 0.0037%, respectively). Note that the 
photovoltaic J-V curves here are almost linear; therefore, the energy conversion 






Fig. 6.8 Comparison of the photovoltaic performance between BFSO and BFO films 
with the same thickness ~200 nm under the same illumination condition. 
6.3.3 Origins of enhanced photovoltaic effects and switchable conduction 
behavior in ITO/BFSO/LNO heterostructures 
To study the origin of the significant photovoltaic performance improvement in 
BFSO thin films, the band gap of BFSO was investigated. Fig. 6.9 shows the plot of 
(αE)2 versus E, where α is absorption coefficient and E is photon energy, of the 
UV-visible spectrum for the 200-nm BFSO film. By extrapolating the linear portion of 
the curve to the E axis, the band gap (Eg) of BFSO is determined to be ~2.76 eV, 
which is similar to that of BFO [71].  
 





Fig. 6.10 The calculated densities of states (DOSs) of: (a) BFO and (b) BFSO. 
The first-principles calculations were conducted to further confirm that there is 
no significant change in the band structures near Fermi level between bulk BFSO and 
BFO. The calculated DOSs of BFO and BFSO (Fig. 6.10) reveal that the band gaps of 
BFO and BFSO are almost the same. Moreover, as shown in Fig. 6.10, the states near 
the top of valence band and the bottom of conduction band are mainly occupied by O 
2p and Fe 3d electrons, respectively, while the contribution from Sc valence electrons 
is small. This can well be the reason why bulk BFO and BFSO exhibit almost the 
same band gaps. Note that the discrepancy of the band gap values between theoretical 
calculations and experiments is due to that the PBE+U method usually underestimates 
the band gaps of systems with strongly correlated d electrons [158]. 
The ferroelectric P-E hysteresis loops of BFSO films with different thicknesses 
are shown in Fig. 6.11. As can be seen, the switchable ferroelectric polarization 




shows a ferroelectric polarization with the same magnitude as that of BFO [71]. Thus, 
the factors including band gap magnitude and ferroelectric polarization magnitude are 
ruled out as the major origins underlying the considerable photovoltaic efficiency 
enhancement. 
 
Fig. 6.11 Ferroelectric P-E hysteresis loops measured for ITO/BFSO/LNO 
heterostructures with the frequency of 10 kHz. 
It is needed to further investigate the photovoltaic effect and conduction in 
ITO/BFSO/LNO heterostructures, especially in connection with the observed 
switching behavior of photovoltaic J-V curves (Fig. 6.6) and resistance states (Fig. 
6.7). Considering that the switching behavior is highly thickness dependent and the 
switchable polarization (excluding leakage current) increases with the increment in 
film thickness (Fig. 6.11), it is therefore concluded that the switching behavior is 
dominated by ferroelectric polarization. 
In general, switching the polarization in a MFM capacitor structure has two 
effects of changing the direction of depolarization field (bulk effect) and tuning the 
Schottky barrier height at the metal-ferroelectric interface (interface effect). The 




[71,78] and interface effects [84,159-161] have been reported. However, only the 
latter effect could give rise to the switchable resistance states [82]. Therefore, we 
further analyze either one or both effects possibly working in our ITO/BFSO/LNO 
heterostructure.  
Based on the significant photovoltaic effects observed with the as-grown BFSO 
films which are not self-polarized (Fig. 6.2(b)-(e)), the switchable resistance states in 
thick BFSO films (Fig. 6.7(c)-(d)), and the asymmetric hysteresis loops (Fig. 6.11), 
one can infer that the polarization modulation of Schottky barrier height plays a big 
role. Furthermore, we have studied the dark J-V curves in a broader voltage range for 
the 120- and 200-nm BFSO films, which show quite different behavior (Fig. 6.12). 
Fig. 6.12(a) shows that neither the as-grown nor the poled 120-nm film has significant 
diode-like rectifying behavior, suggesting that there is almost no much change in the 
barrier height induced by ferroelectric polarization. According to Ref. [84], a 
quantitative description of the variation of the built-in barrier height with ferroelectric 









   ,                         (6.1) 
where Pbi  is the variation of the built-in barrier height, P  is the switchable 
ferroelectric polarization,   is the thickness of the interface region between the 
sample surface and the electrode, 0  is the permittivity of vacuum, and s  is the 
static dielectric constant. The weak dependence of barrier height on ferroelectric 
polarization in the 120-nm film might be due to the film being leaky with a small 





Fig. 6.12 Dark J-V measurements of: (a) 120-nm and (b) 200-nm BFSO films in a 
broad range of voltage. In panel b, the lower inset shows the reverse-biased Schottky 
plots of log(J/T2) vs E0.5 for the 200-nm BFSO film in the as-grown and negatively 
poled states. Here, K and SBH denote the optical dielectric constant and Schottky 
barrier height, respectively. The upper inset shows the Ohmic plots of J vs E for the 
200-nm BFSO film in the positively poled state. 
  On the other hand, the 200-nm film exhibits a large switchable polarization (Fig. 
6.11), and therefore the modulation of the interfacial barrier height is significant. This 
gives rise to the very different conduction behavior in the 200-nm film (Fig. 6.12(b)): 
Schottky conduction is dominated in the as-grown and negatively poled films, while 
Ohmic conduction is prevailed in the positively poled films. This naturally leads to a 
bipolar switching between the high- and low-resistance states, which promises a 
non-destructive readout of the binary information with only a small reading bias 
[82,83]. One may assume BFSO films to be n-type semiconductors because the 
oxygen vacancies acting as donors are produced during the low-oxygen growth 
process. Thus in the as-grown and negatively poled BFSO films (Schottky conduction 




capacitor is positively biased, while the ITO/BFSO interface is near Ohmic contact. 
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where A  is the Richardson constant,   is Schottky barrier height, K  is optical 
dielectric constant. According to Eq. (6.2), the Schottky barrier heights of BFSO/LNO 
interfaces in the as-grown and negatively poled films are derived to be 0.91 and 0.86 
eV, respectively (the lower inset in Fig. 6.12(b)). On the other hand, in the positively 
poled BFSO film, due to the positive polarization charges distributed near the 
BFSO/LNO interface, the barrier height is greatly reduced such that the interface 
becomes an almost Ohmic contact. Based on the linear J-E characteristics (the upper 
inset in Fig. 6.12(b); Ohmic conduction dominated), the bulk conductivity of BFSO is 
revealed to be in the order of 10-10 Ω-1cm-1, which is two orders of magnitude higher 
than that of BFO [71]. Note that the conductivity directly derived from the linear J-E 
curve is not rigorously the bulk conductivity of BFSO, due to the intrinsic 
shortcoming of two-electrode measurement which cannot exclude the influence of the 
contact resistance. However, since Ohmic contacts are formed in the positively poled 
BFSO sample, the contact resistance might be neglected [163]. The enhancement in 
bulk conductivity of BFSO is an important reason for the significantly improved 
photocurrent as observed (Fig. 6.5). 
The ITO/BFO/SRO heterostructure behaves as a back-to-back connection of two 
Shottky diodes with similar barrier heights which remain almost unchanged after 




the bulk effect [71]. However, in the case of ITO/BFSO/LNO, the Sc-substitution has 
modified the band structure of BFO near the interface (not bulk) through the 
modulation of surface states. Surface states play a major role in the formation of 
Schottky barriers [156]. Therefore, although the work functions of ITO and LNO are 
almost the same [164,165], the asymmetric interfacial barriers of ITO/BFSO and 
BFSO/LNO are still created in the MFM structure, which enhances the overall 
photovoltaic effect. To illustrate how the switchable Schottky-to-Ohmic contact 
formed at the BFSO/LNO interface acts in the photovoltaic effect, the schematic 
energy band alignments of the ITO/BFSO(200 nm)/LNO capacitor in different 
polarization states are given in Fig. 6.13. In the positively poled film, both 
BFSO/LNO and ITO/BFSO interfaces are Ohmic contacts; therefore only the 
depolarization field is working for photovoltaic effects. However, in the negatively 
poled film, both the depolarization field in the bulk and the build-in field at the 
BFSO/LNO interface are playing a role in forming a constructive photovoltaic 
response in the 200-nm BFSO film. 
 
Fig. 6.13 Schematic energy band diagrams of: (a) the as-grown; (b) the negatively 




6.4  Summary 
Ferroelectric ITO/BFSO/LNO epitaxial thin film heterostructure was fabricated 
on NCAO substrate by RF sputtering. The BFSO film in negatively poled state 
exhibits superior photovoltaic performance to BFO, where the efficiency is improved 
by 5 times with an enhanced switchable Voc up to 0.6 V. It is found that the 
Sc-substitution in BFO significantly improves the bulk conductivity and promotes a 
tunable Schottky-to-Ohmic contact at the BFSO/LNO interface together with an 
Ohmic ITO/BFSO contact. This results in constructive contributions to the overall 
photovoltaic output from both the bulk and the BFSO/LNO interface of the negatively 
poled BFSO film. Besides the significant switching behavior of the photovoltaic 
effects, switchable high- and low-resistance states are realized with the tunable 
Schottky barrier height at the BFSO/LNO interface modulated by the ferroelectric 
polarization. The present studies demonstrate a strategy to develop ferroelectric thin 







Chapter 7 PHOTOVOLTAIC EFFECT IN AN 
INDIUM-TIN-OXIDE/ZnO/BiFeO3/Pt 
HETEROSTRUCTURE 
7.1  Background 
Driven by the ever-increasing demand for clean and renewable energy, 
considerable research efforts have been focused on efficient solar energy harvesting 
through various photovoltaic effects. A photovoltaic effect typically consists of two 
basic processes: i) the absorption of incident photons to excite the electron-hole (e-h) 
pairs as electrical-charge carriers; and ii) the separation of e-h pairs by the built-in 
potential developed often at an asymmetric interface (such as a p-n junction or a 
Schottky barrier) or the polarization-induced internal electric field (Edp) throughout 
the bulk of a ferroelectric material. A high photovoltaic efficiency requires these two 
processes working effectively and simultaneously.  
The typical metal/ferroelectric/metal (MFM) structure could produce an 
open-circuit voltage (Voc) much larger than the band gap due to the bulk photovoltaic 
effect [166]. However, the short-circuit current density (Jsc) in the MFM structure is 
usually very small because of the inefficient generation of e-h pairs in ferroelectric 
materials. On the other hand, certain semiconductors could be very active to absorb 
photons and generate e-h pairs [167,168]. Typically, a metal/semiconductor/metal 
(MSM) structure with Ohmic contact exhibits an almost zero Voc, because it lacks 




MFM and MSM show poor photovoltaic effects in terms of the overall photo-electric 
conversion efficiency. One plausible pathway to achieve the desired high-efficiency 
photovoltaic effect is to combine the above two structures into one 
metal/semiconductor/ferroelectric/metal (MSFM) heterostructure, which takes 
advantages of both the semiconductor for large Jsc and the ferroelectric for high Voc . 
With the above understanding, a MSFM device with multilayer thin films is 
designed as follows in the present study. BiFeO3 (BFO) is a lead-free multiferroic 
oxide with robust polarization and relatively narrow band gap [69,71], which is the 
preferred choice for the ferroelectric layer in the MSFM device. ZnO on the other 
hand is a typical n-type semiconductor with strong photoresponse, high electron 
mobility, reduced recombination loss and easy crystallization [169,170], making it a 
good candidate for the semiconductor in the MSFM system. One key advantage of the 
structure combining ZnO and BFO is the appropriate energy band alignment which 
facilitates the current flow (to be discussed in detail later). Considering the large 
lattice mismatch between ZnO [171] and BFO [121], polycrystalline BFO and ZnO 
are employed in this work. Pt substrate, which also functions as the bottom electrode, 
is used for the growth of polycrystalline BFO. An indium-tin-oxide (ITO) is selected 
as the top electrode for its transparency. Thus, the MSFM structure consists of 
ITO/ZnO/BFO/Pt. The ITO/ZnO/BFO/Pt MSFM structure studied here exhibited a 
large Jsc of 340 μA/cm2 and an energy conversion efficiency of 0.33% under 22.3 
mW/cm2 blue light illumination. Moreover, the photovoltaic mechanism is further 




enhancement and the possible roles played by the built-in fields at interfaces and the 
Edp over the bulk of BFO. 
7.2  Methods 
BFO polycrystalline films with respective thicknesses of ~150, 300, 450 and 600 
nm (labeled as BFO_150, BFO_300, BFO_450, and BFO_600, respectively) were 
deposited on the Pt(111)/Ti/SiO2/Si(100) substrates by radio-frequency (RF) 
sputtering at the temperature of 580 oC. A 120-nm-thick ZnO layer was subsequently 
deposited on top of the BFO layer at the temperature of 550 oC. Both BFO and ZnO 
layers were deposited with a sputtering power of 120 W and a gas pressure of 10 
mtorr (Ar: O2 = 9: 2). Circular ITO top electrodes of 200 μm in diameter were 
sputtered at the room temperature. Besides ITO/ZnO/BFO/Pt, ITO/BFO/Pt and 
ITO/ZnO/Pt heterostructures were also fabricated separately for comparison purpose. 
The phases in the resulting films were analyzed by X-ray diffraction (XRD) (Bruker 
D8 Advanced). Atomic force microscopy (AFM) (Digital Instruments) and 
field-emission scanning electron microscopy (FE-SEM) (Philips) were employed to 
characterize their surface morphologies and cross sections, respectively. The 
experimental setups for measurements of ferroelectric P-E hysteresis loops and 
photovoltaic J-V curves are the same as those in Section 6.2. In this study, the 
definitions of positive direction of poling and current flow follows the same rules in 
Section 6.3.2. Ultraviolet photoelectron spectroscopy (UPS) study was conducted 




Helium I (21.21 eV) as the radiation source. 
7.3  Results and discussion 
Fig. 7.1(a)-(d) show the XRD patterns of the substrate, ZnO, BFO_300, and 
ZnO/BFO_300 thin films, respectively. The XRD patterns of BFO and ZnO/BFO thin 
films with different BFO layer thicknesses are shown in Fig. 7.2. As can be seen from 
Fig. 7.1(d), the desired ZnO and BFO phases were well retained in the ZnO/BFO 
heterolayered thin film. By comparing the surface morphologies (see AFM images in 
Fig. 7.1(b)-(d)) and cross sections (see SEM images in Fig. 7.1(b)-(d)), one can 
conclude that the ZnO layer fully covers and adheres to the BFO layer in the 
ZnO/BFO combined structure.  
 




ZnO/BFO_300 thin films. In b-d, the left and middle insets show the AFM 
topography images and SEM cross section images, respectively. 
 
Fig. 7.2 XRD patterns of: (a) BFO, and (b) ZnO/BFO thin films with different BFO 
layer thicknesses. 
Fig. 7.3(a)-(f) show the photovoltaic current density-voltage (J-V) and 
short-circuit current density-time (Jsc-t) behavior of ITO/BFO_300/Pt, ITO/ZnO/Pt, 
and ITO/ZnO/BFO_300/Pt, respectively. ITO/ZnO/BFO/Pt appears to possess 
advantages over both ITO/ZnO/Pt and ITO/BFO/Pt, i.e., a large Jsc and a satisfactory 
Voc. Although the incident light wavelength of 435 nm was purposely selected, which 
corresponds to the band gap of BFO to maximize photoresponse of BFO, the Jsc value 
of ITO/BFO/Pt (Fig. 7.3(a) and (d)) with a magnitude of ~100 μA/cm2 is still very low. 
However, in the ITO/ZnO/BFO/Pt structure (Fig. 7.3(c) and (f)), Jsc is significantly 
enhanced by two orders of magnitude to be ~340 μA/cm2, which is comparable to that 
of ITO/ZnO/Pt (Fig. 7.3(b) and (e)). Therefore, it is concluded that the major site for 
generating e-h pairs is ZnO instead of BFO. ZnO exhibits strong photoresponse 
although it is subjected to illumination below band gap, because the adsorbed oxygen 
near the ZnO surface can capture electrons and form intermediate states in the band 




process of adsorption and desorption of oxygen molecules (schematically shown in 
Fig. 7.4) is time consuming, and therefore the photoresponse of ZnO is slow. Fig. 
7.3(f) shows the slow increase of Jsc in ITO/ZnO/BFO/Pt when the light is turned on, 
evidencing again that photo-excited charge carriers are mainly generated from ZnO. 
Note that our present finding is different from what is reported for a similar MSFM 
structure of Pt/Cu2O/Pb(Zr,Ti)O3 (PZT)/ITO [ 174 ]. In the previous study, the 
enhancement of photocurrent was attributed to the insertion of Cu2O layer which 
inhibits the formation of PZT/Pt Schottky barrier to facilitate the flow of electrons 
from PZT to Pt, while the abundant photo-excited e-h pairs contributed from Cu2O 
were not clarified. 
 
Fig. 7.3 Photovoltaic J-V characteristics of: (a) ITO/BFO/Pt, (b) ITO/ZnO/Pt, and (c) 
ITO/ZnO/BFO/Pt; and photovoltaic Jsc-t characteristics of: (d) ITO/BFO/Pt, (e) 
ITO/ZnO/Pt, and (f) ITO/ZnO/BFO/Pt; (g) ferroelectric P-E hysteresis loops of 





Fig. 7.4 A schematic showing the adsorption and desorption of oxygen near the ZnO 
surface during the photovoltaic process. 
Another important feature of the ITO/ZnO/BFO/Pt heterostructure is that it 
exhibits an open-circuit voltage (Voc) of 0.225 V (Fig. 7.3(c)), which is comparable to 
that of ITO/BFO/Pt (Fig. 7.3(a)), while ITO/ZnO/Pt exhibits a negligible Voc (Fig. 
7.3(b)). To investigate the origin of Voc, the possible interface effects of built-in fields 
and bulk effect of Edp within BFO shall be fully considered. 
The energy band alignment is investigated by using UPS to reveal the built-in 
fields formed at the interfaces in ITO/ZnO/BFO/Pt. Fig. 7.5(a) shows the UPS spectra 
of BFO_300 and ZnO/BFO_300 films. The work functions (ϕ) calculated by 
subtracting the spectrum width from the photon energy of exciting radiation (21.21 
eV), are determined to be 4.58 and 4.24 eV for BFO and ZnO, respectively. The 




the linear portion of the low binding energy edge of the peak to the energy axis. As 
shown in the inset of Fig. 7.5(a), the values of EF-EVBM for BFO and ZnO are 
determined to be 1.89 and 2.87 eV, respectively. Considering that the band gaps of 
polycrystalline BFO [175] and ZnO (Fig. 7.6) are 2.73 and 3.26 eV respectively, ZnO 
is therefore regarded as a n+-type semiconductor while BFO is only a n-type one.  
 
Fig. 7.5 (a) UPS spectra of BFO and ZnO/BFO thin films, where the inset shows the 
enlarged spectra of low binding energy edge; (b) dark J-V relationship of ITO/BFO/Pt 
and ITO/ZnO/BFO/Pt, where the inset shows the dark J-V characteristics of 
ITO/ZnO/Pt. 
 
Fig. 7.6 Plot of (αE)2 vs E of UV-visible spectrum of the ZnO thin film grown on the 
quartz substrate. The quartz substrate was used for its transparency. 
Based on the UPS data, the energy band diagrams of ITO/BFO/Pt, ITO/ZnO/Pt and 




ITO/BFO/Pt consists of two back-to-back Schottky diodes with one higher barrier at 
the BFO/Pt interface and one lower barrier at the ITO/BFO interface, because Pt has a 
larger work function than ITO. This energy band alignment of ITO/BFO/Pt is 
consistent with the observation of an asymmetric ferroelectric hysteresis loop shown 
in Fig. 7.3(g). However, ZnO exhibits Ohmic contacts with both ITO and Pt 
electrodes (Fig. 7.7(b)). This is supported by the near-linear dark J-V characteristics 
(see the inset of Fig. 7.5(b)). In the combined structure of ITO/ZnO/BFO/Pt (Fig. 
7.7(c)), a Schottky contact and an Ohmic contact are formed at BFO/Pt and ITO/ZnO 
interfaces, respectively. Meanwhile, an n+-n junction is formed at the ZnO/BFO 
interface. Consequently, one field at the BFO/Pt Schottky barrier (Ebi-S) and one field 
at the ZnO/BFO junction (Ebi-j) with the same direction are established across the 
depletion regions. Therefore, Ebi-j and Ebi-S operate together to separate and transport 
photo-excited e-h pairs. 
 





  Compared with Ebi-S, Ebi-j is considered more elusive and not well studied in the 
previous work [174]. To prove the existence of Ebi-j, negative branches of dark J-V 
curves were measured for ITO/ZnO/BFO/Pt and ITO/BFO/Pt (reference). As can be 
seen from Fig. 7.5(b), the current density of ITO/ZnO/BFO/Pt is higher than that of 
ITO/BFO/Pt at small voltage (Region I) while the opposite is true at large voltage 
(Region II). The blocking effect of electron flow in Region I can rely mainly on the 
top Schottky barrier. The top barrier height is significantly lowered by the insertion of 
ZnO, and therefore the current density of ITO/ZnO/BFO/Pt is higher than that of 
ITO/BFO/Pt. However, in Region II, the top Schottky barrier is overcome and other 
blocking effects may become dominant. Since there is one more field of Ebi-j besides 
Ebi-S in ITO/ZnO/BFO/Pt, it may be more difficult for the external field to cancel both 
Ebi-j and Ebi-S. Therefore it is the presence of Ebi-j that lowers the current density of 
ITO/ZnO/BFO/Pt in the negatively biased Region II. Also note that the charge 
blocking effect from ZnO bulk is negligible because ZnO is quite conductive, as 
evidenced by the dark J-V curve of ITO/ZnO/Pt (see the inset of Fig. 7.5(b)). 
Furthermore, the negative branches of dark J-V characteristics of ITO/ZnO/BFO/Pt 
with BFO layers in other thicknesses show the similar behavior (Fig. 7.8), all of 





Fig. 7.8 Dark J-V behavior of ITO/BFO/Pt and ITO/ZnO/BFO/Pt with BFO layer 
thicknesses of (a) 150 nm, (b) 450 nm, and (c) 600 nm 
The bulk effect of Edp was studied by inspecting the effect of electric poling on the 
photovoltaic behavior. As shown in Fig. 7.3(a), ITO/BFO/Pt exhibits a significantly 
switchable photovoltaic effect. Note that although the photovoltaic effect in 
polycrystalline BFO has been extensively studied, so far there are no reports of the 
complete switching behavior of photovoltaic effect in polycrystalline BFO [176-180]. 
We therefore demonstrate for the first time that the photovoltaic effect of 
polycrystalline BFO in the MFM structure can be switched by manipulating 
ferroelectric polarization. However, there is almost no switching behavior of 
photovoltaic effect when it comes to ITO/ZnO/BFO/Pt (Fig. 7.3(c)). Ferroelectric 
polarization-electric field (P-E) hysteresis loops were measured to reveal the origin of 
the different polarization-dependent photovoltaic behavior. As can be seen from Fig. 
7.3(g), ITO/BFO/Pt exhibits a noticeably larger switchable polarization than that of 
ITO/ZnO/BFO/Pt. This is due to the lowering of Schottky barrier between ITO and 
BFO induced by the insertion of ZnO layer, which makes the top contact of 
ITO/ZnO/BFO/Pt leaky and disfavors the ferroelectric polarization switching [181]. 
Therefore, the magnitude of Edp is expected to be small in ITO/ZnO/BFO/Pt. To 




shows a saturated P-E loop with a dramatically enhanced polarization (Fig. 7.3(g)), 
which is due to the higher Schottky barrier formed at the top contact (the work 
functions of Pt, Au and ITO are 5.36, 5.1, and 4.5 eV, respectively). Moreover, the 
screening effect of Edp induced by the abundant photo-excited charge carriers [182] is 
another likely reason for the very weak polarization-dependent photovoltaic behavior 
observed. Overall, the bulk effect of Edp in ITO/ZnO/BFO/Pt is minor because of the 
small switchable polarization induced by leaky top contact and the possible screening 
effect. 
To further demonstrate that the photovoltaic behavior of ITO/ZnO/BFO/Pt is 
mainly dominated by the interface effect instead of the bulk effect, the thickness of 
BFO layer was varied. The photovoltaic behavior of ITO/ZnO/BFO/Pt and 
ITO/BFO/Pt (reference) as a function of the BFO layer thickness are summarized in 
Fig. 7.9 and Table 7.1. From Fig. 7.9(b), the Voc of ITO/ZnO/BFO/Pt remains an 
almost constant value of ~0.2 V when the thickness of BFO is larger than 150 nm, 
suggesting that the interface depletion layers instead of BFO bulk are the primary 
origins for the photovoltaic effect in this particular MSFM structure. Note that the 
widths of depletion regions are unknown in our case due to the technical difficulties to 
measure the doping concentrations and built-in potentials. However, according to Ref. 
[81,183], the width of a depletion region can reach one hundred nanometer and above. 
It is thus reasonable to assume that the 120-nm-thick ZnO layer is largely or even 
totally depleted while the 300-nm-thick BFO layer is partially depleted. The 




thickness is greater than 150 nm suggests that the depletion width of BFO layer is of 
150~300 nm. Moreover, as shown in Fig. 7.10, ITO/ZnO/BFO/Pt structures with 
different BFO layer thicknesses all exhibit almost unswitchable photovoltaic effects, 
further indicating that the bulk effect of Edp is minor. Nevertheless, the highest energy 
conversion efficiency (η) of ITO/ZnO/BFO/Pt with an optimal BFO thickness of 300 
nm can reach ~0.33% (Fig. 7.9(c)), which is among the best efficiencies achieved by 
ferroelectric-involved photovoltaics [91,174,184]. 
 
Fig. 7.9 Photovoltaic behavior of: (a) Jsc, (b) Voc and (c) η as a function of the 
thickness of BFO layer for ITO/BFO/Pt and ITO/ZnO/BFO/Pt. The ITO/ZnO/BFO/Pt 
with the BFO layer thickness of zero denotes ITO/ZnO/Pt.  
Table 7.1 Comparison of photovoltaic parameters between ITO/BFO/Pt, ITO/ZnO/Pt, 
and ITO/ZnO/BFO/Pt. 
 ITO/BFO/Pt ITO/ZnO/Pt ITO/ZnO/BFO/Pt 
Jsc (µA/cm
2) 0.07~4.6 590 110~430 
Voc (V) 0.06~0.37 ~0 0.165~0.225 





Fig. 7.10 Photovoltaic J-V behavior of ITO/BFO/Pt with BFO layer thicknesses of (a) 
150 nm, (b) 450 nm, and (c) 600 nm, respectively; and photovoltaic J-V behavior of 
ITO/ZnO/BFO/Pt with BFO layer thicknesses of (d) 150 nm, (e) 450 nm, and (f) 600 
nm. 
7.4  Summary 
A metal/semiconductor/ferroelectric/metal (MSFM) heterostructure based on the 
ITO/ZnO/BFO/Pt multilayer thin films is successfully fabricated by RF sputtering. It 
exhibits a much improved short-circuit photocurrent density of ~340 μA/cm2 and a 
significant energy conversion efficiency of 0.33%. The photocurrent enhancement in 
ITO/ZnO/BFO/Pt is attributed to the copious e-h pairs generated in the ZnO layer. 
UPS investigations suggest that a Schottky barrier and an n+-n junction are formed at 
BFO/Pt and ZnO/BFO interfaces, respectively. The two built-in fields of Ebi-S and Ebi-j 
established at the two interfaces are the main driving forces for the separation and 
transport of photo-excited e-h pairs, while the effect of the depolarization field Edp 
over the bulk of BFO is minor in the photovoltaic process of ITO/ZnO/BFO/Pt. This 




and valuable guidance for the design of high performance photovoltaic structures with 












































Chapter 8 CONCLUSIONS AND FUTURE WORK 
8.1  Conclusions 
In this research, the manipulation of the crystal structures and physical properties 
in BiFeO3 (BFO)-based systems has been effectively realized through approaches 
including strain engineering, B-site substitution, and in combination with other 
functional semiconductors. The specific conclusions are summarized as follows. 
(1) Ga-substitution is an effective way to stabilize the super-tetragonal 
structure and thus achieve giant polarization in the BFO-based ferroelectric 
epitaxial thin films. A super-tetragonal-like structure with giant c/a ratio of ~1.25 
and with twinning domains was developed in the BiFe0.6Ga0.4O3 (BFGO) epitaxial 
thin film grown on the NdCaAlO4 (001)pc substrate with a LaNiO3 buffer layer. This 
unique structure was evidenced to be stable for the BFGO epitaxial thin films 
irrespective of film thickness and substrate induced strain, as confirmed by using 
multiple analytical techniques including HR-XRD, TEM, PFM and further supported 
by the first-principles calculations. In addition, PFM studies, first-principles 
calculation and macroscopic P-E hysteresis loop demonstrated the ferroelectric nature 
of BFGO and revealed a giant polarization of ~150 μC/cm2.  
(2) Shear deformation is induced in (001) BFO thin films under tensile 
strain. The shear deformation can significantly help to stabilize (001) BFO thin films 
under tensile strain larger than 2%. This result suggests one reason for the difficulty in 




deformation by substrate clamping disfavors the formation of corresponding BFO 
phases. We have investigated the stability of Pmc21 phases including consideration of 
different possible tilt patterns. The presence of the shear deformation makes the 
Cc/Ima2 phases more stable than all the Pmc21 phases. Moreover, the effects of the 
induced shear deformation on the phase transitions, monoclinic tilt, oxygen octahedra 
tilt, polarization and band gap of BFO have been studied. The shear deformation 
shifts the Cc to Ima2 phase transition towards a lower tensile strain (~ 1% less). It 
improves the polarization in the [110] direction, and reduces the polarization in the 
[001] direction. It also strongly affects the electronic structures of BFO, especially at 
high tensile strain (>2%). 
(3) Uniaxial strained ferroelectric phase with giant axial ratio is the most 
stable phase in (110) BFO thin films under large compressive strain. Previous 
first-principles calculations based on biaxial strain condition predicted a phase-strain 
diagram, where a centrosymmetric orthorhombic phase is most energetic favorable 
when compressive strain is larger than -2%. However, experimentally uniaxial strain 
instead of biaxial strain works in (110) BFO thin films. The BFO film grown on the 
LAO (110) substrate (-4.5% compressive strain) exhibits a giant c/a ratio of ~1.24, a 
small monoclinic angle of ~0.37°, a large twin angle of ~26°, and stripe ferroelectric 
domain structures. We revisited the phase-strain diagram for (110) BFO films using 
first-principles calculations, and demonstrated that the uniaxial strained monoclinic 
phase Pm is the most stable one in the strain range from -2.5% to -6%. The 




computational results agree well with our experimental observations. 
(4) Sc-substitution of BFO is effective to enhance the photovoltaic effect and 
induce switchable conduction behavior. The ferroelectric ITO/BiFe0.6Sc0.4O3 
(BFSO)/LNO epitaxial thin film heterostructure was successfully developed on 
NCAO substrate by RF sputtering. The BFSO film in negatively poled state exhibits 
superior photovoltaic performance to BFO, where the efficiency is improved by 5 
times with an enhanced switchable Voc up to 0.6 V. It is found that the Sc-substitution 
in BFO significantly improves the bulk conductivity and promotes a tunable 
Schottky-to-Ohmic contact at the BFSO/LNO interface together with an Ohmic 
ITO/BFSO contact. This results in constructive contributions to the overall 
photovoltaic output from both the bulk and the BFSO/LNO interface of the negatively 
poled BFSO film. Besides the significant switching behavior of the photovoltaic 
effects, switchable high- and low-resistance states are realized with the tunable 
Schottky barrier height at the BFSO/LNO interface modulated by the ferroelectric 
polarization.  
(5) Integrating ZnO with BFO significantly improves the photovoltaic 
performance. A metal/semiconductor/ferroelectric/metal (MSFM) heterostructure 
based on the ITO/ZnO/BFO/Pt multilayer thin films was assembled by RF sputtering. 
It exhibits a much improved short-circuit photocurrent density of ~340 μA/cm2 and a 
significant energy conversion efficiency of 0.33% under blue monochromic 
illumination. The photocurrent enhancement in ITO/ZnO/BFO/Pt is attributed to the 




Schottky barrier and an n+-n junction are formed at BFO/Pt and ZnO/BFO interfaces, 
respectively. The two built-in fields of Ebi-S and Ebi-j established at the two interfaces 
are the main driving forces for the separation and transport of photo-excited e-h pairs, 
while the effect of the depolarization field Edp over the bulk of BFO is minor in the 
photovoltaic process of ITO/ZnO/BFO/Pt. 
8.2  Future work 
Although BFO-based thin films and devices have been extensively studied for the 
past decade, there are still several unaddressed fundamental issues and the 
functionalities of BFO have not been fully exploited. Further research on the 
following directions may yield interesting and fruitful results. 
1) Chapter 3 describes a BiFe0.6Ga0.4O3 (BFGO) epitaxial thin film, which 
exhibits a stable super-tetragonal-like structure with twinning domains and with a 
giant ferroelectric polarization. However, the interfacial structure of BFGO/substrate 
and BFGO/buffer layer have not been established. It would therefore be of interest to 
investigate the interfacial structures, especially the interface in BFGO/STO, in order 
to understand how a super-tetragonal-like structure could be formed on top of a 
substrate with large lattice mismatch. Note that such a further study requires the 
availability of advanced high-resolution characterization techniques. In addition, 
further reducing the leakage current of BFGO films is worthy of a lot of research 





2) One promising aspect of the photovoltaic properties of ferroelectric BFO is the 
possibility to achieve above band gap photovoltage, which might promise the 
application of BFO in the next generation solar cells with high efficiency. To achieve 
a high photovoltage, the in-plane electrode geometry shall be used. However, the 
photocurrent is very small in the traditional metal/ferroelectric/metal (MFM) structure 
with in-plane electrodes, because the resistance of the ferroelectric layer is pretty high. 
Chapter 7 shows one way to improving photocurrent, which is to integrate with some 
photo-active semiconductors. Therefore, by an appropriate design of an in-plane 
photovoltaic device containing a ferroelectric matrix and embedding semiconductors, 
a simultaneously large photovoltage and photocurrent might be realized.  
3) Band-gap engineering in BFO is a promising way to enhance the photovoltaic 
performance. Compared with some traditional wide-gap (> 3 eV) ferroelectrics, such 
as BaTiO3 and Pb(Zr,Ti)O3, BFO has a relatively small band gap (2.2~2.7 eV). 
However, this magnitude of band gap can only enable BFO to absorb photons with 
wavelengths less than 560 nm, and unfortunately those photons account for only 25% 
of the solar spectrum. Further narrowing the band gap of BFO will be essential to 
improve the light absorption ability of BFO. Recently, conspicuous successes in 
bandgap engineering were achieved in Bi2FeCrO6 (BFCO) double perovskites [185] 
and [KNbO3]1–x[BaNi1/2Nb1/2O3-δ]x (KBNNO) perovskite solid solutions [186]. In 
both cases, the band gap was narrowed down to below 1.5 eV, while the 
ferroelectricity was retained to a certain extent. As a result, the photovoltaic 




BFO through strain engineering, doping and forming solid solutions are therefore very 
attractive. 
4) Conventional complementary metal-oxide-semiconductor (CMOS) based logic 
and magnetic based data storage devices require the shuttling of electrons for data 
processing and storage, which can cause a large energy dissipation [64]. Multiferroics 
offer an alternative mechanism by which magnetic anisotropy or magnetization can be 
tailored by applying an electric filed rather than an electrical current, which can 
significantly reduce the energy dissipation. Therefore, developing data storage devices 
of low power consumption based on multiferroics is promising. In this connection, the 
BFO/ferromagnet exchange coupled heterostructures are of particularly interest. A 
future study can focus on domain structure engineering of BFO, material selection of 
the ferromagnetic layer, and optimization of the BFO/ferromagnet interface, to 
achieve a strong exchange coupling and therefore a strong effect of electric field 
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